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that this was largely due to its ultraviolet component (see 172, section III, 

for a review of the early literature) a steady stream of publications dealing 
with the effects of ultraviolet radiations upon cells has continued to appear. Three 
phases in the development of the subject may now be recognized: 1) an early period 
which ended in the first part of the twentieth century during which many phases 
of the problem were explored mostly with qualitative techniques; 2) a period during 
which quantitative work predominated, with the determination of action spectra 
for various effects (see 96 for a review of this literature); and 3) more recently, 
renewed interest in ultraviolet studies catalyzed by the discovery of photoreac- 
tivation or reversal of the effects of ultraviolet radiation by visible light (150). The 
main objective of this review is to attempt to evaluate and assess our knowledge at 
the present time of the fundamental nature of the action of ultraviolet rays upon 
protoplasm as a background for projected studies. 

Several reviews are available describing the general effects of ultraviolet light 
(96, 99, 172) as well as a number of books (34, 70, 161, 211). It will be necessary 
here only to summarize the general effects very briefly and mainly insofar as they 
will help us to define the problem more clearly. 

The ultraviolet spectrum includes all the radiations from those overlapping 
the x-rays (at about 150 A) to those bordering the visible. The range of wave- 
lengths shorter than 2000 A is called the Schumann region and its biological effects 
have been only infrequently studied (26-29). The part of the ultraviolet most com- 
monly used is the portion which extends from 2000 to 4000 A and is transmitted 
by quartz. The portion of the ultraviolet from 2000-3100 A is often called the abiotic 
region because these wavelengths kill or injure cells readily. In the range 3100- 
4000 A the radiation is much less effective and its effects have been dealt with in 
detail elsewhere (96, 172). The region of main concern in this report is the range 
2000-3100 A. 


Se: THE DISCOVERY of the lethal effects of sunlight (64, 65) and the proof 





1 Part of the work reported in this paper was done while the author was a Guggenheim Fellow 
in 1947-48 at the California Institute of Technology, the Kerckhoff Marine Laboratory and the 
Hopkins Marine Station. 
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Several features of ultraviolet action should be noted: 1) Ultraviolet radiations 
act in the absence of oxygen as well as in its presence as shown in some of the very 
early experiments (18, 258). This is in contrast to photodynamic action which 
occurs only when oxygen is present (13a, 20a). 2) Ultraviolet radiations produce their 
main effects upon the organism absorbing the radiations rather than by affecting 
the medium. It is true that the medium is altered by continued exposure but the 
dosages required to produce effects when the medium alone is exposed and the 
organisms are afterwards placed in the medium are many times those required to 
produce the same effects when the organism itself is irradiated (19; see review of 
the literature in 172, section IV). Ozone may be a complicating factor in biological 
studies with ultraviolet light since it is produced to some extent by short wave- 
lengths of ultraviolet light including 2537 A and this wavelength is the main one 
present in the spectrum of the Sterilamp and similar resonance lamps which are in 
widespread use for such experiments today (79). Ozone alone produces absorption 
spectrum changes in some amino acids which are like those produced by ultra- 
violet light (101). Recent work on the mutagenic actions of irradiated media indi- 
cate that studies on indirect effects may help in understanding mutagenic effects of 
these radiations (246). 3) Ultraviolet radiations act equally well over the viable 
temperature range, the fundamental reaction being photochemical with a low- 
temperature coefficient (13, 29, 40, 62, 89), although in a few cases higher coefficients 
have been reported (135) which may be due to effects of temperature on secondary 
reactions. Ultraviolet radiations will kill fungal spores even at the temperature of 
liquid air (16), although for this purpose larger dosages of radiations are required 
than at higher temperatures. The low-temperature coefficients for biological effects 
are in keeping with similar effects on proteins (186). 

Apart from the killing action of ultraviolet radiations many other effects on 
protoplasm have been described. These are summarized in table 1 with references to 
the literature. Thus the division rate of a variety of cells including bacteria, proto- 
zoans and marine eggs has been shown to be retarded (see 96 for references). The 
retardation increases with dosage and certain wavelengths are more effective than 
others, giving a characteristic action spectrum (98); the significance of these action 
spectra is considered elsewhere (99). Some cells have a relatively high threshold 
value for appearance of retardation; thus an egg of the sea urchin is not retarded by 
a dosage as high as 1.57 X 10° to 2.54 X 10° quanta per egg, but the first signs of 
retardation appear when the dosage is raised to 3.7 X 10% (92). The egg still divides 
to form the 8-celled stage after a dosage of 1.2 X 10% quanta per cell. Perhaps its 
resistence to ultraviolet light is based on its ability by its metabolism to reverse 
the effects of the radiations up to a certain limit. 

The various parts of the cell are differently affected by these radiations. Thus 
the membrane is altered as indicated by activation of eggs (164, 165, 170). The 
action spectrum for this effect has been determined (137). Effects of ultraviolet 
radiations on permeability of cells have been claimed by a number of investigators 
(see summary and references in 122) but a more recent and careful study on sea 
urchin eggs, using dosages which markedly retard division of eggs, has failed to 
disclose any changes in permeability to water, organic materials, electrolytes or 
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TABLE 1. BIOLOGICAL EFFECTS OF ULTRAVIOLET RADIATIONS! 


EFFECT 


Bactericidal 
Fungicidal 
Viricida] 


Photolethal: plants 

Photolethal: animals 

Harmful effects on culture 
media 

Sensitization to heat 


Retardation of cell division 
Acceleration of cell division 
Retardation of growth in 
tissue culture 
Impairment of 
metabolism 


nitrogen 


Impairment of carbohydrate 
uptake 

Impairment of adaptive en- 
zyme formation 

Stimulation of endogenous 
metabolism 


Impairment of exogenous 
metabolism 

Changes in fermentation 

Activation of eggs 

Stimulation of muscle con- 
traction 


Impairment of motility 


Impairment of excitability 
of nerve 








REFERENCES 


42, 65, S71, S06, 


S172 
S96, 158, S172, 
S234 
142, 143, 
184, 197 
S1o, $33, S96 
S96, S172 
S172, 246 


222, 


3> 4, 28, 29, 57) 
102, 140 

92, S99 

43-45, 172 

193, 194 


210 


95, 105, 250 
105, 182, 244 


137, 179 
II5, 116 


66, 67, S96, 97, 
104 
148, 179 











1 The S preceding a number refers to a summary paper. 
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EFFECT 
Change in permeability of 
cells 
Change in viscosity 


Release of calcium 


Induction of chromosome 
abnormalities, 
and elimination 

Alteration of nuclear mem- 
brane, etc. 

Increased rate of mutation 


lagging 


Induction of cancer 


Cure of lupus vulgaris 


Effects on some skin dis- 
eases 

Release of growth promot- 
ing factors in medium 


Sunburn (erythema) 


Suntan 

Prevention of neural 
formation in chick 

Altered absorption proper- 
ties of protoplasm 

Attenuation of organisms to 
be used as antigens 


tube 


Vitamin D formation 





REFERENCES 
S122, 218 


121, S122, 123, 
124 
S122, 202 


2, 78, 139, 144, 
145, 183, 216, 
239-241 

O, 32,06) Ss 
24, 110, 180, 
223, 224, 226 

76, 80, 81, 171, 
193 

S76, S193 


S172 


S106, 52, 118, 
IIQg, 126, 127, 
176 

$106 

61 


30, 32, 59, 77; 
177, 180, 221 
85, 109, If, 
163, 188, 21, 
230 06 
225 


dyes (218).2 Marked effects of these radiations on the formation of fertilization 
membranes of these eggs were observed, the membrane being suppressed on the side 
which had been exposed to unilateral ultraviolet light. The surface of the eggs, 


2 In these experiments monochromatic light was used; therefore negative effects are not due to 
reversal by concomitant visible light. The eggs were handled in the dim light of a laboratory arti- 
ficially illuminated and viewed with dim visible light. Since no reversal of division effects occurred 
under such conditions it is unlikely that the negative effects on permeability are due to photore- 
activation. 

In the present author’s subterranean laboratory only artificial illumination is available. This 
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therefore, is not inert to these radiations. It is possible that the permeability of 
only actively metabolizing cells might be affected but no study of this type has yet 
been made. 

Changes in viscosity of irradiated cells have been demonstrated by a number 
of investigators using the centrifuge method (121) but in no case has an action 
spectrum been determined. The first effect of irradiation seems to be a transient 
liquefaction followed by an increase in viscosity in the main bulk of the proto- 
plasm (endoplasm) of Ameba (121) and an increase has been found in Arbacia (124). 
This increase in viscosity has been interpreted as being due to the release of calcium 
in the cortex and the interaction of the released calcium with the endoplasmic sub- 
stances in a reaction much like the surface precipitation reaction. Visible evidence 
of release of calcium is afforded by plant cells which on irradiation show a deposit 
of calcium oxalates (202; also see summary in 122). Changes in viscosity have been 
inferred from changes in the appearance of protoplasm irradiated with a thin beam 
of ultraviolet rays under dark field (39, 40, 251, 252). Under the dark field, light 
scattering particles gradually appear as irradiation proceeds, these particles béing 
assumed to indicate the formation of a flocculum after denaturation of the cellular 
proteins.’ The unilateral membrane formation, and the peculiar shapes of sea urchin 
and Fucus eggs unilaterally irradiated has been attributed, with some evidence, as 
being due to unilateral viscosity changes (217, 219, 238). 

The nucleus is also profoundly affected by ultraviolet radiations, and various 
chromosomal abnormalities are seen such as clumping, thickening, unequal division, 
lagging, excessive chromatin elimination, as well as a thickening of the nuclear 
membrane (228, 245). Such abnormalities may be induced even if the cytoplasm 
alone is directly irradiated by a thin pencil of rays of 2804 A (228). The germinal 
vesicle of the unfertilized egg breaks down under the influence of these rays (123). 
Mutations are produced by radiations in the dosage range which kills a large pro- 
portion of the exposed cells (2, 78, 125, 139, 144, 145, 216, 239-241). Certain wave- 
lengths are more effective than others giving a characteristic action spectrum which 
resembles absorption by nucleoproteins (78, 145, 241). 

The preceding data indicate that the cell is affected at the surface, in the nucleus, 
and in the cytoplasm. There are other effects upon such cell activities as respiration 
excitability and growth which probably involve the entire cell. 

The dosages of ultraviolet light which are required to affect the respiration 
of cells are very large. Thus bacteria and yeast which had been given a dosage which 
stops division of most of the cells are found to continue to respire for a time at a 
rate about equal to that of the controls (93, 95). After several hours the respiration 
of irradiated cells falls below that of controls, as if the former were unable to main- 
tain the enzymes required. Very large dosages of ultraviolet may damage the cells 
at once (95). The differential effects upon respiration and luminescence in luminous 





is of an intensity of less than 5-foot candles where cultures are kept and the lights are on only part 
of the time. It is therefore unlikely that photoreactivation has been a complicating factor in data 
previously reported therefrom. 

3 A somewhat similar phenomenon was observed to occur in a number of proteins studied dur- 
ing ultraviolet exposure under an ultramicroscope (215). Similar results were also observed for x- 
rays and heat (215). 
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bacteria demonstrate that different parts of the respiratory pathway are differen- 
tially sensitive (93). 

Starved yeast showed a marked acceleration of endogenous respiration follow- 
ing irradiation, this increased rate being maintained for many hours (95). The 
accelerated respiration has the characteristics of the endogenous metabolism in- 
sofar as it has a similar respiratory quotient and like the endogenous process is 
relatively insensitive to azide. It is postulated that the irradiated cell is burning 
the protoplasm of the cell (105). Fermentation does not occur in yeast in the absence 
of substrate. When substrate is added or, if yeast is irradiated in the presence of 
substrate, the irradiated cells show a decreased ability to ferment indicating damage 
to the enzyme systems involved. The damage is proportional to the dosage (105, 
244). 

A nerve loses its excitability when irradiated, indicating damage to the ex- 
citability mechanisms (148). The living nerve fiber shows a small absorption peak 
at 2900 A and a much larger peak at 2650-2700, a dip at 2580 and a sharp rise be- 
low 2500 A (179). Losses in motor function have long ago been observed for Protozoa 
(66, 67) and the action spectra for the effects have been determined (96, 101, 103). 
On the other hand, muscles are excited to contract as a result of stimulation by 
ultraviolet radiations (115, 116); stimulation probably follows localized injury. 

Assimilation and growth are retarded by ultraviolet radiations. Even rela- 
tively simple assimilative reactions such as the uptake of glucose and the formation 
of some kind of storage carbohydrate are greatly decreased by irradiation and the 
total carbon content of irradiated cells is less than that of controls (105). Irradiation 
also prevents the formation of galactozymase required for the adaptation of some 
strains of yeast to galactose (250). The action spectrum for this effect has not yet 
been determined. The ability of Bacterium lactis aerogenes to utilize ammonium 
salts as the source of nitrogen was found to be injured by irradiation. The bacteria 
were found to grow perfectly well on transfer to an asparagine and glutamic acid 
medium; the impairment was lessened by the addition of keto acids to the medium. 
The ultraviolet rays, therefore, appear to damage the autosynthetic key enzyme 
systems which supply carbon compounds to react with ammonium compounds to form 
the amino acids (210). The action spectrum for the inhibitory effects of ultraviolet 
radiations upon tissue culture growth has been studied and is suggestive of the 
absorption spectrum of nucleoproteins (194, 195). Retardation and cessation of 
division already mentioned above might be looked upon as the effect of these rays 
upon the assimilative and growth processes. 

Cells injured by ultraviolet radiations are known to give off into the medium 
substances such as purines, nucleotides, members of the vitamin B complex and 
amino acids, all of which, added to culture media are growth accelerating to other 
cells (see 172, section V for a review). The soluble factors do not appear to be merely 
breakdown products of the cells since some of them, e.g. some of the purines, appear 
in larger quantities than would occur from photolysis alone, suggesting synthesis 
of these compounds as a result of cellular injury (172). 

Cancer is shown to be induced by ultraviolet light but the mechanism of in- 
ducing it is uncertain and the action spectrum has not been determined (6, 21, 22, 
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24, 110, 166, 189, 223, 224, 226). While cancers are produced in irradiated metazoans 
they have never been observed in irradiated protozoans even though these have 
been used in experiments by the author over a number of years; when abnormal 
forms were found they appeared in both experimental and irradiated cultures, 
generally due to some unfavorable environmental changes and only in the early 
phases of the work when the methods for handling them were still quite imperfect. 
The protoplasmic effect of the radiations in its relation to cancer does not appear 
to have been studied. 


ACTION SPECTRA 


Action spectra (257) relating the efficiency of various wavelengths of the ultra- 
violet spectrum have been determined for a variety of ultraviolet effects and the 
techniques required for such a determination have already been discussed (96). In 
simplest terms the action spectrum is believed to give approximately the absorption 
spectrum of the compound which mediates the ultraviolet effect. In no case is perfect 
agreement obtained between action spectra and absorption by any of the compounds 
known to exist in protoplasm. There are therefore restrictions which must be ap- 
plied to the use of this concept; a critique of action spectra and their use appears 
in Loofbourow’s review (172, section IV) as well as in a recent book (252a). 

About seven different types of action spectra have been described and are 
discussed in detail elsewhere (96). The action spectrum for sunburn with a maxi- 
mum at 2970 A is probably spurious due to selective absorption of sunlight by the 
dead layer of skin overlying the layer of epidermis which is damaged by these rays 
(see 106 for literature). The action spectra for hemolysis (235) and for activation 
of eggs (137) with maxima only in the very short quartz ultraviolet suggest an 
effect either on proteins lacking aromatic amino acids or on lipids. Since aromatic 
amino acids are present in the proteins of erythrocytes (14) it seems, by elimination, 
that lipids are involved, but the data do not permit a decision at present. The action 
spectrum reported for preventing development of the neural tube in the chick with 
peaks at 2570 and 2800 A suggests some sort of sterol (61) but no additional work 
seems to have been carried out. The two action spectra which are most generally 
found suggest effects on non-conjugated proteins such as albumin, on the one hand, 
and on nucleic acid on the other. Action spectra which resemble absorption by the 
non-conjugated proteins with maxima at about 2800A are: immediate effects on 
division of irradiated sea urchin eggs (98), immobilization of paramecia (104), 
ciliary reversal and motility (97), excystment of Colpoda (94), and retardation 
of hatching of pinworm eggs (141) and some effects on mitosis in rat cornea (86a). 
Action spectra which resemble absorption by nucleic acid with maxima at 2600 A 
are: mutagenic effects (145, 241), the retardation of division (97), killing of viruses 
(142, 143, 222), the bactericidal effect (53, 75, 128, 261), and the fungicidal effect 
(87, 88, 158). 

The action spectra resembling absorption by proteins and nucleic acid which 
underlie most of the ultraviolet studies make it difficult to escape the conclusion 
that unconjugated proteins or nucleic acid or both are involved in mediating these 
effects. It therefore seems desirable to analyze the effects of these radiations on 
proteins and nucleic acid or nucleoproteins. Each of these will be taken in turn. 
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TABLE 2. CHANGES IN PROTEINS FOLLOWING EXPOSURE TO ULTRAVIOLET RADIATIONS 





PROPERTY 





Color 
Odor 
Solubility in water 
Sensitivity to heat 
Viscosity 


Surface tension 


Surface potential 
Surface area 


Conductivity 
Refraction 
Optical rotation 


Change in absorption 


Digestibility by trypsin 
Exposure of SH groups 


Phenol groups 
Amino nitrogen 
Acid groups 


Basic groups 


Non-precipitable nitro- 


gen 


Proteoses and peptones 





CHANGE 





POSSIBLE MEANING 





darkens (186) 

burnt odor (186) 

decreases (25, 47, 48, 186) 

usually increases (25, 47, 48, 186) 

increases in some cases; decreases 
in others (186) 


decreases in some; then increases 
with dosage; increases in others 
(48, 186) 

increases (186, 200a, 220) 


| increases then decreases in globu- 





lin, decrease in albumin (186, 
200a, 220) 

increases (186, 213) 

slightly increases (186) 

increase in laevo-rotation (49, 186) 

increase in absorption, after exces- 
sive exposure, decrease in maxi- 
mum increase in general (17a, 
69, 104, 186, 188a, 236) 

increased 

increases (186, 198) 

not adequately studied; some evi- 
dence for increase (188a) 

some evidence for increase (82, 83, 
74); negative findings (188a) 


| increase (188a); pH change (17 


no detectable change after fairly 


strong irradiation (188a) 
increases (15, 237, 188a) 


appear and increase in quantity 








photooxidations 


| photooxidations 


exposure of hydrophobic groups 

hydrophobic groups exposed 

degradation and _ reaggregation, 
where increase occurs, with in- 
creased asymmetry 

breakage of bonds 


liquefaction; breakage of bonds 
breakdown with formation of less 
soluble fragments 


degradation 

degradation 

structural changes 

depolymerization and photooxida- 
tion; formation of new chromo- 
phores 


opening up of molecule (117) 
opening up of molecule 
opening up of molecule 


positive evidence would suggest 
peptide breakage 

photooxidations to form more 
phenols, or peptide breakage 


photolysis of proteins 


fragmentation of proteins 


and free amino acids | 
and ammonia appear 
Electrophoretic pattern 


(186) 


| unhomogenization in some cases; 
gradual homogenization in 
others; no change in viruses 
| studied (186) 


photolysis and reaggregation 


Colloid osmotic pressure | no change or decrease after pro- 


longed irradiation (186) (and 
dialysis of fragments) 

sedimentation constant; increased 
broadening of sedimentation 
curves (186, 227) 

in some cases rendered useless as 
antigens, (109, 111); in others 
not (85, 163, 188, 206, 230) 

decreases (186) 


fragmentation and reaggregation 





Ultracentrifugation aggregation 


Immunological effects 


Enzymic activity | destruction of an active spot 
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EFFECTS ON PROTEINS 


Several reviews on the effects of ultraviolet light on proteins appeared some 
years ago (7, 49, 229) as well as several recent ones (172, 186). Therefore no attempt 
will be made to summarize the extensive literature. Attention will be paid only to 
certain aspects of this work which are especially pertinent to the analysis of the 
biological effects of radiations. 

A large number of diverse effects on proteins have been described, different 
properties having been tested in each case. Unfortunately, in many of the studies 
little information appears on the intensity employed and the absorption; there- 
fore correlation of the dosages required for the different types of effects reported 
is difficult or impossible and the sequence in which they occur is not determinable 
in most instances. This makes it doubly difficult to use data gathered from such 
experiments in the interpretation of biological data. In table 2 are listed some of 
the different types of effects observed after irradiation of proteins with ultraviolet 
radiations. Since in most cases the literature is amply reviewed by McLaren (186), 
references to many papers are omitted, being included in a few instances where 
they are especially pertinent. 

Recently, inactivation of enzymes by ultraviolet radiations has been extensively 
studied because of the precision with which the effects can be measured (90, 91, 156, 
185-187, 190, 207, 208, 253, 254, 256). If the fraction of active enzyme remaining 
is plotted against the time of irradiation, a straight line is obtained, indicating a 
first order reaction for rennin (147), for various hydrolases (90, 91, 190, 203, 204, 
254) as well as for the oxidase luciferase (41). This suggests that a single hit destroys 
the enzymatic activity. However it is not known whether a single bond broken 
anywhere in the molecule is effective or whether a particular bond must be broken. 
It is also not known whether inactivation is accompanied by denaturation (186). 
In work with enzymes, correlations between the loss in enzyme activity and a few 
of the other properties have been obtained. Thus with a decrease in activity of 31 
per cent in pepsin, the absorption spectrum has changed considerably (90, gt) and 
similar observations have been made at the time of 52 per cent inactivation in 
ribonuclease (186) and of 99 per cent inactivation in chymotrypsin (186); in the 
latter case changes occurred both in solutions treated in air as well as in nitrogen 
alone. For urease at the time of 55 per cent inactivation, ultracentrifugal tests 
show polydispersion and inhomogenization of a part of the protein. The latter 
suggests depolymerization and reaggregation (186). 

The quantum efficiency, or the number of enzyme molecules inactivated per 
quantum of light, is low. Thus at 2537 A it varies from 0.026 for ribonuclease and 
0.019 to 0.01 for trypsin to 0.0014 for carboxypeptidase and 0.00093 for urease. 
Fer virus particles it varies from 0.00015 for bacteriophae-T>2 to 0.000043 for tobacco 
mosaic virus (186). The efficiency varies with wavelength, and only wavelengths 
shorter than 3130 are effective. Thus for urease it is 0.00938 at 1860 A and 0.000816 
at 3130A (159). A rough proportionality is found to hold between the molecular 
weight of an enzyme and the quantum efficiency, the latter decreasing as the molec- 
ular weight increases (190). An effect of px has also been noted in some cases (190). 

The most obvious of the changes in properties of proteins such as albumin, 
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as a consequence of irradiation, is the change in solubility (68). At the isoelectric 
point a flocculum is formed even if the solution is free of salt provided the temper- 
ature is greater than 4°C. (25, 45-48). The molecule is altered by ultraviolet light 
in such a way that it is more sensitive to the salt environment. Thus, a lesser quan- 
tity of ammonium sulfate is necessary for precipitation below the isoelectric point 
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Fig. 1. ABSORPTION SPECTRA of serum albumin irradiated with ultraviolet light (UV) for the 
times in minutes indicated and then in certain cases subjected to heat (H) at 50°C. for one hour. 
The albumin is irradiated in one per cent solution and diluted to 0.1 per cent for measurement (buffer 
at pH 7.3). The control curve runs through points for both untreated albumin and for albumin treated 
for one hour with heat. Curve 5UV runs through points for heat for an hour followed by 5 minutes of 
ultraviolet and for 5 minutes ultraviolet light alone. The protein after 5 minutes irradiation would 
have absorbed about an average of 20 quanta per molecule, and proportionally more with a propor- 
tional increase in exposure (no account being taken of the change in absorption with exposure and 


of multiple absorption by some molecules). The solutions were stirred by a magnetic flea every ro to 
15 minutes (103). 


(47) or of calcium salts in the case of proteins of the lens of the eye (48). The molecule 
is also much more sensitive to heat (see section on SENSITIZATION TO HEAT) 

An increase in viscosity has been found for some proteins (60, 236, 267); no 
such rise has been reported in some other proteins (46) and a decrease has been 
reported in still others (201, 213). This suggests that the decrease may be due to 
degradation of the proteins, the increase to reaggregation and for the same proteins 
the changes may represent different stages in the exposure. A comparative study 
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over a wide dosage range would be necessary to resolve some of the differences. 
Heating after exposure to ultraviolet irradiation was found to increase the viscosity 
considerably over the increase caused by irradiation alone (69). 

Proteins possess a characteristic absorption spectrum in the ultraviolet which 
has been extensively studied in enzymatic and non-enzymatic proteins (186). Max- 
ima appear at about 2800 A and below 2400A (see fig. 3). This characteristic ab- 
sorption spectrum is altered by exposure to ultraviolet radiations in the following 
respects: 1) the maximum at 2800 A is increased at first; 2) the absorption in the 
minima is also increased and 3) absorption appears in the visible spectrum giving 
the irradiated solutions a yellowish appearance. With prolonged irradiation the 
peak at 2800 A falls while the general absorption increases (120, 186). The changes 
are greater for some proteins such as albumins than for others, such as globulins. 
The changes and the dosages required to produce them are illustrated in figure 1. 

The absorption of ultraviolet rays by an egg albumin solution increases more 
if oxygen is present during exposure to these radiations, than when oxygen is lack- 
ing but even in the latter case the same types of changes are found but require 
greater dosages (15). Peptides are also less sensitive in the absence of oxygen but 
the differences are small (189a). 

The ultraviolet absorption spectrum of proteins is also affected by other factors. 
The absorption change is greater, the lower the pH (186, 227). Heating a solution 
to 50°C. after irradiation further increases the absorption of ultraviolet radiations 
by albumin (69, 103) and globulin (103). 

The increase in absorption‘ is not due merely to photolysis and photooxidation 
of the fragments since dialysis of irradiated solutions accounts for only a small por- 
tion of the change in absorption. The increase in absorption must be largely due to 
changes in the large molecule itself (227). Recently evidence has been presented for 
polymerization of protein radicals after ultraviolet exposure (222a) and it is likely 
that oxidations occur as well. 

The specific absorption of ultraviolet light by proteins is due largely to the amino 
acids—tyrosine and tryptophane—but the peptide bonds are thought to contribute 
to absorption at 2800 A as well (186). Phenylalanine although possessing a benzene 
ring shows little absorption at 2800 A. All of the amino acids show absorption at 
short wavelengths and a few possess slight specific absorption by which they may 
possibly be identified (186). From the content of various amino acids the absorption 
spectrum of a given protein may be predicted: Thus the virtual lack of tyrosine and 
tryptophane in gelatin (5) is reflected in the virtual lack of absorption at the 2800 
band. In papain the percentage content of tryptophane and tyrosine as predicted 
from the absorption spectrum is substantiated by chemical determination (58); a 
similar determination was made for serum proteins (162) and for insulin (156a)*. 

Evidence for photolysis of proteins following irradiation has accumulated. Thus 
the fraction of nitrogen which is present in compounds that are non-precipitable 


4Trradiation also changes the absorption spectra of amino acids, the maxima disappearing and 
the general absorption increasing along with absorption in the visible accompanying the formation 
of a yellowish compound. The changes which occur in amino acids undoubtedly underlie the changes 
which occur in proteins, and have been to some extent analyzed. Amino acids are degraded with the 
formation of ammonia, and, in the presence of oxygen, of carbon dioxide (186). 
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with trichloracetic acid increases with irradiation (15, 103). The breakdown occurs 
more readily in an oxygen atmosphere than in nitrogen; after long irradiation most 
of the protein nitrogen becomes non-precipitable and proteoses and peptones are 
present in such solutions (15, 237). The dosages required to produce photolysis as 
well as the effects of heat after irradiation have recently been determined for several 
proteins and are given in table 3. It is apparent that very large dosages are required 
to produce such breakdown, the number of quanta absorbed per molecule being very 
large (103). 

Determinations with the ultracentrifuge indicate that snail hemoglobin is split 
by ultraviolet light into half molecules at px 6.2 and into smaller units at 7.4 (7, 22, 
31, 247, 248). Further evidence of splitting is indicated by the increase in dialyzable 
material which appears after irradiation of egg albumin; this appears in proteins 
irradiated in the presence of oxygen or in a nitrogen atmosphere (17a). It is interest- 
ing to point out that whereas the reaction velocity constant for denaturation is the 
same in air and in nitrogen, the secondary reactions are more rapid in the presence 
of oxygen (17a). The fact that the centrifugation sedimentation diagram of irradiated 
protein remains similar to the control and the solution remains clear would suggest 
that the fragments split off from the protein are small (227). 

The question logically arises: at what point is a protein molecule split? Calcula- 
tions indicate that the peptide bond is the weakest; it is therefore considered the one 
most likely to be broken (199, 209). Some very interesting experiments with analogues 
have been carried out in an attempt to obtain evidence for or against this theory. 
Phenyl amines are split by ultraviolet light (220). Even if one or two carbons are 
interposed between the absorbing phenyl group and the peptide bond, e.g. in benzyl- 
stearyl amine and beta-pheny] ethyl stearylamine (35-37) ultraviolet causes a break- 
down into stearic acid (measured by surface potentials) and amines (isolated pic- 
rates). Peptides which include tyrosine are easily fragmented, e.g. glycyl-tyrosine, 
tyrosylglycine and alanyl-tyrosylglycine are photolyzed, the latter with the forma- 
tion of 3 amino acids. Also a phenolic compound, thought to be tryosine is split out 
from monolayers of insulin and accumulates in the water (37, see also 200a). Re- 
cently tyrosine was identified chromatographically in an irradiated solution of in- 
sulin (148a). Since tyrosine is thought to occur at intervals in a protein, its splitting 
out should break the molecule into small units such as were indeed observed by the 
investigators cited. One might conclude that the energy is absorbed by the ring and 
passed on the peptide bond. However in a series of homologous compounds with 
successively larger number of carbon units interposed between the ring and the pep- 
tide bond the efficiency of breakdown was found to increase suddenly with the 
number of carbon atoms interposed; thus phenylbutyrylalanine was decomposed with 
a much greater quantum efficiency than phenylproprionylalanine (189a, 190a). This 
suggests that energy may be transferred in some manner other than through a series 
of bonds, which process one might expect to be less inefficient the greater the number 
of bonds. Even in the absence of a ring chromophore splitting occurs, as e.g. in ace- 
tylalanine (189a). 

The effect of ultraviolet light upon proteins such as albumin as suggested in 
the literature may be summarized somewhat as follows: 1) The energy is absorbed 
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by the chromophores; the molecule is altered; 2) the peptide bond is split; 3) thermal 
reactions result in the breakage of the hydrogen bonds which normally hold the mole- 
cule in the native configuration; 4) denaturation occurs with the exposure of the 
hydrophobic groups; the molecule is now rendered readily precipitable by various 
protein precipitants and by heat; 5) the molecules unite with other molecules to 
form larger units; and 6) these units flocculate. 7) Somewhere in the course of the 
above events oxidations occur leading to changes in absorption spectra. No unequivo- 
cal proof of reversibility of such ultraviolet-induced changes in proteins has been 
presented (186) nor is it expected on theoretical grounds (199, 209). 

It should be pointed out that while peptide splitting is taken for granted, most 
of the positive evidence comes from studies on analogues such as peptides of proteins 
on a surface. It may be that protein under such conditions is more susceptible to 
splitting by radiations as indicated by the high quantum efficiencies for proteins at 
the surface (200a, 220) as compared to the efficiencies obtained for inactivation of 
enzymes in solution (186). Proteins in surface layers are also more susceptible to 
x-rays (196) than those in solution. However a recent study (222a) with serum al- 
bumin has presented evidence that after irradiation peptide breakage occurs readily 
in solutions, with the formation of free radicals. In nitrogen aggregation occurs, as 
shown by osmotic pressure measurements; aggregation is thought to result from 
interaction of free radicals with carboxyl or amino groups of protein molecules. In 
the presence of oxygen, evidence indicates that OH radicals are formed in the water: 
Proteins first aggregate as in nitrogen, then split, the latter presumably resulting 
from the accumulation of OH which interacts with the free radicals of the albumin. 
Proof for peptide splitting in proteins in solution by specific tests for carboxyl and 
amino groups is desirable. An attempt was made to do this using orange G for de- 
termination of basic groups (84), the formol titration of Sorensen (203) for acid 
groups and the van Slyke amino nitrogen for amino groups (112). No significant 
change was observed in amino or basic groups even after a large dosage. Yet assuming 
a quantum efficiency such as has been reported for various enzymes in solution one 
might expect that these methods would show measurable changes. Each protein 
molecule would have absorbed 2400 quanta in this exposure. About 5 per cent increase 
in acid groups appears (188a). Since acid may appear in irradiated samples as a re- 
sult of pheno! formation from phenylalanine (188a) it is doubtful whether or not 
these data constitute proof for peptide breakage as was first attributed to them. 
It is possible that the efficiency of peptide splitting is much lower and that much 
larger dosages than those tried are necessary. This is not unreasonable in view of the 
relatively low efficiencies observed for the photolysis of synthetic peptides studied 
in McLaren’s laboratory (189a, 190a). Enzyme inactivation may be due to peptide- 
bond splitting but no proof for this is yet available (186). It must be concluded that 
clear cut evidence with specific tests for peptide-bond breakage in proteins in solu- 
tion has not yet been given and awaits further work. 


SENSITIZATION TO HEAT 


Perhaps the biological phenomenon most readily interpreted on the basis of 
analogous work on proteins is the sensitization of cells to heat by a preceding exposure 
to ultraviolet radiations. This is not a mere additive effect, for the heat preceding the 



































October 1950 ULTRAVIOLET RADIATION AND PROTOPLASM 443 
radiations has no effect, and after exposure has an effect all out of proportion to the 
effect of heat alone. Thus a dosage of 1000 ergs/mm.? at \ 2483 A has no detectable 
effect on the rate of division of paramecia, yet division rate is a sensitive indicator 
of radiation effects. Also an exposure of about 4.8 minutes at 40° C. has no effect on 
division rate of paramecia. If such heating precedes the ultraviolet nothing happens, 
but if heat follows ultraviolet exposure, the paramecia are killed (102). 

This type of effect was discovered by Bovie and his co-workers (28, 29) who 
found that temperatures at which paramecia lived and grew were injurious to para- 
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Fig. 2. SENSITIZATION TO HEAT. A. Urechis larvae given } lethal dose of ultraviolet light fol- 
lowed by heat at the temperature indicated (101). Points are averages of 3 sets of experiments. For 
larvae of a different age the curves are shifted but the general relations are the same. Heat preced- 
ing ultraviolet light does not have the same effect. B. Heat sensitization in Urechis larvae (36 
hours after fertilization in both A and B). Points are averages of 3 sets of experiments. Larvae were 
exposed to a Sterilamp for the time indicated then exposed to 35° C. for the time indicated on the 
abscissa. The larvae were injected in a small amount of sea water to a large volume of sea water in 
a water bath kept at 35° C. and the time required to immobilize them was determined. 


mecia which had been exposed to small dosages of short wavelength ultraviolet 
light. Sensitization has also been observed in the spores of a number of bacteria (57) 
and in yeast (3, 4) as determined by colony formation from cells exposed at 2654 A 
and then subjected to heat at 50° C. Recently enhanced sensitivity to heat has been 
noted in the tobacco mosaic virus (207). 

Similar results have been found with Urechis larvae (about 36 hours after fer- 
tilization) and in this case only temperatures above 31° C. were effective. The lower 
the temperature the longer was the exposure required to produce an effect, as shown 


in figure 2. The larvae are not injured by prolonged exposures at 31° C. if they have 
not been irradiated (ror). 
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An action spectrum for sensitization to heat was determined (102), and was 
found to resemble the absorption spectrum of an unconjugated protein such as globu- 
lin or albumin (see fig. 1). It would appear therefore that the major part of the effect 
is upon the unconjugated proteins. 

The recovery from combined action of ultraviolet radiations and heating is slow, 
taking 3 to 4 days when the paramecia are just fed enough to keep healthy but not 
to divide regularly and actively. These data suggest that the proteins affected by 
radiations are gradually replaced (102). Recovery is fastest at 2483 A, a region of 
strong absorption by non-conjugated proteins and slowest at 2654 A, a region of 
strong absorption by nucleic acid suggesting that nucleic acid is also involved in 
the sensitization phenomenon. Presumably in a static system, without metabolic 
activity, there would be no recovery and this has been found to be the case in bacterial 
spores kept in non-nutrient medium and tested from time to time after treatment 
(57). 

Most of the tests for sensitization to heat following ultraviolet treatment have 
been made on viability. The question arises as to whether other cellular processes 
are also sensitized. Studies on Arbacia eggs indicate that their division is not so 
affected, the effects of the heat and ultraviolet light being more or less additive re- 
gardless of order of application (146). The same is true of respiration in yeast (3, 4). 
On the other hand, eggs of starfish are more readily activated by heat if the heat is 
preceded by a brief ultraviolet treatment (164, 165). The unfertilized eggs become 
more sensitive to other activating agencies as well. It is probable that any proto- 
plasmic properties or activities which depend upon the general unconjugated pro- 
teins will be sensitized to heat to a similar extent as are the proteins. 

A similar sensitization of proteins to heat by ultraviolet light was described 
for albumin by Clark (47, 48). The albumin is altered so that even a low temperature 
(above 4° C.) will cause formation of a flocculum whereas unexposed albumin shows 
little if any flocculum below temperatures of 40° C. The amount of flocculum in 
irradiated solution is proportional to the dosage; the rate at which it is formed is 
proportional to the temperature (47-51). An exception is fibrinogen of citrated plasma 
which loses coagulability at 56° C. after ultraviolet treatment (11). On the other hand 
the coagulation temperature as determined by cloud point determinations after ultra- 
violet treatment was lowered for 12 different purified proteins and in some cases 
the effect was more striking than in the albumins (243). 

One might ask whether heat after irradiation results in further splitting of the 
proteins. The molecules so split might aggregate to form larger units leading to 
flocculation. To test this the amount of nitrogen which is rendered non-precipitable 
by trichloracetic acid was determined after irradiation alone and after irradiation 
plus a heat treatment, as a measure of the amount of protein split by the treatments 
(103). The results are given in table 3. There is no evidence for additional hydrolysis 
of the protein by heat after irradiation in the albumins tested. There is even some 
evidence for a decrease, perhaps by removal from solution in precipitation during 
the application of heat in some cases. 

Absorption spectra of irradiated albumin show a great increase after a sub- 
sequent heating at 50° C. (69). Heat alone and heat preceding irradiation do not 
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produce such an effect (103) as shown in figure 1. The changes resulting from heat 
are especially noticeable after relatively small dosages. These changes in absorption 
spectra following irradiation have been interpreted as being due to photooxidations 
(186, 188a). Such oxidations continue after irradiation and are sensitive to heat. 
Storage at o° C. prevents change, immersion at 50° C. accelerates the thermal re- 
action and quickly brings it to completion, the reaction requiring a much longer time 
at room temperature (103). Such secondary reactions may therefore underlie the 
sensitivity to heat but a relation between these absorption spectrum changes and the 
precipitability of the protein has not yet been found. However it has been demon- 
strated that these spectral and viscosity changes are correlated with one another. 
Heat affects both in the same direction so that heating an irradiated solution brings 
about an increase in absorption as well as an increase in viscosity (69). It may be that 
reactions between protein molecules lead to the formation of additional chromo- 
phores. If substantiated, this would provide a simultaneous explanation for the 
increase in absorption intensity and viscosity found. 

It would appear that heat sensitization is due to secondary reactions accelerated 
or brought to completion by thermal energy. It is worthwhile pointing out that 
tobacco mosaic virus, although readily inactivated by ultraviolet light (242) is little 
affected in its physical properties by these radiations. Thus its absorption spectrum,® 
viscosity, moving boundary in the ultracentrifuge, its optical turbidity and its 
isoelectric point and appearance under the electron microscope remain the same as 
before exposure (207). However the virus particle is sensitized to heat, but unfortu- 
nately the authors did not study the process in detail. It would be interesting to know 
to what degree these same properties are changed after heat treatment as an aid to 
interpreting the sensitizations in protoplasm since in cells various compounds often 
exist not in the pure state but in combination. In some way a stabilizing effect is 
produced by combination, since if ribonucleic acid is split out of the virus, it is readily 


altered by ultraviolet light, losing its viscosity and showing an increase in ultraviolet 
absorption (207). 


EFFECTS OF ULTRAVIOLET LIGHT UPON NUCLEIC ACID AND NUCLEOPROTEINS 


Nucleic acid absorbs ultraviolet light much more effectively than do proteins 
when both are compared by unit weight. Thus 0.5 per cent thymus nucleic acid has 
an extinction coefficient of about 10 at 2600 A, whereas 10 per cent albumin shows 
an extinction coefficient of about 0.33 at the maximum at 2800 A (38). The specific 
absorption by nucleoproteins or nucleic acid is due to the chromophores in the 
purines and pyrimidines and it is the proportionally greater content of these chromo- 
phoric units in nucleic acids which confer upon them the greater capacity to absorb 
ultraviolet light. In proteins such as albumin and globulin, the main chromophoric 
units, tyrosine and tryptophane, although singly possessing absorption coefficients 


similar to those of the purines and pyrimidines, are present in proportionally much 
smaller amounts (38). 





5 However equine encephalomyelitis virus does show an increase in absorption in the ultraviolet, 
but the other physical properties tested showed no change after exposure to the ultraviolet (186, p. 
154). 
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As a consequence of the higher content of nucleoprotein as well as the opacity 
of nucleoproteins to ultraviolet radiations, cell nuclei and in particular the chromo- 
somes absorb the short range of the quartz ultraviolet spectrum strongly as shown 
in photomicrographs taken with ultraviolet light (1, 18, 30, 114, 136, 153, 160, 174, 
175, 181, 249, 262-266). The nucleoprotein is by no means limited to the nucleus 
(38, 114). The absorption by nucleus and cytoplasm changes with exposure of the 
cell to these rays (30). 

The effect of exposure of nucleoproteins or nucleic acid to ultraviolet radiations 
upon the absorption spectrum has not been extensively studied or analyzed, although 
an early study demonstrated that desoxyribosenucleic acid so treated showed, at 
first, an increased absorption especially at the short wavelength end and in the steep 
part of the long wavelength end of the spectrum, followed later by a decrease in 
absorption at the maxima, attributable to a photodecomposition (132, 134). Recently, 
the ribosenucleic acid dissociated from tobacco mosaic virus has been studied (157). 


TABLE 3. EFFECT OF HEAT AFTER TREATMENT ON PHOTOLYSIS OF PROTEINS BY 
ULTRAVIOLET LIGHT (103)! 
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1 To one per cent protein an equal volume of ro per cent trichloroacetic acid was added and 
the flocculum was carefully centrifuged off. The supernatant was then tested by a micro-Kjeldahl 
(152, p. 176). The serum albumin is fraction A of Armour and Co., the globulin, fraction C; the 
egg albumin (149) was lyophilized after purification. Values are averages for 3 to 7 determinations. 


There is an increase of about 10 per cent in the absorption of ultraviolet radiations 
during which time the viscosity falls abruptly, indicating depolymerization ( 207, 208). 

It is thought that ribonucleic acid is probably less sensitive than desoxyribo- 
nucleic acid to the band at the maximum around 2540 to 2600 A for the following 
reasons. Influenza virus, vaccinia virus and bacteriophage which contain mostly 
desoxyribonucleic acid show a high sensitivity at 2650 A with a decrease in sensi- 
tivity at longer and shorter wavelengths. Tobacco mosaic viruses and Roux sarcoma 
which contain mainly ribonucleic acid, on the other hand, show only a small maxi- 
mum in this range with increased sensitivity towards shorter wavelengths (1372). 
Pyrimidines and purines have been subjected to ultraviolet radiations. Uracil and 
related compounds show a decrease in absorption after irradiation (131-133). Even 
when irradiated under conditions that did not result in photodecomposition, a deriva- 
tive of different oxidation-reduction potential appeared indicating a molecular re- 
arrangement (131). The pyrimidine of vitamin B, is readily destroyed by ultraviolet 
radiations with a quantum yield of 0.0184 as judged both by the changes in the 
absorption spectrum and the loss of its usability by Phycomycetes (255). The purine 
ring is much more stable; thus in one experiment little change in absorption was 
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observed even after 4 hours exposure to the quartz mercury arc (173) and the recent 
tests with guanine, guanylic acid, thymine, cytosine, adenine and adenylic acid con- 
firm the previous findings in demonstrating the resistance of these purines to ultra- 
violet action (231). 

An interesting case of reversal of ultraviolet effects on the absorption spectrum 
of uracil and uridine which occurs on changing the pH from 7.0 at which the irradia- 
tion was performed to 1.0 has recently been reported (231). A similar phenomenon 
was found for cytidylic acid. This is interesting in view of the reversal of some ultra- 
violet effects on the cell by visible light. 

Sodium thymonucleic acid after irradiation shows a loss of structural viscosity 
and streaming birefringence. This is interpreted as being due to depolymerization 
of the highly asymmetric particles into less asymmetric ones. To reduce. the vis- 
cosity 10 per cent, it was found that 5600 quanta were required per molecule (as- 
suming a molecular weight for nucleic acid of about 10°). The 10 per cent reduction 
in structural viscosity may be due to the breakdown of the molecule into a few frag- 
ments (113, 140). Centrifugal studies were planned but a report on these does not 
seem to have appeared. Nucleoprotein from sea urchin sperm forms structural fibers 
several centimeters long when added to distilled water from 2 mM NaCl. After irradia- 
tion smaller fibers are produced and after prolonged dosage the irradiated material 
would no longer form fibers but only forms a murky solution. This is taken to indi- 
cate depolymerization (100). A fall in viscosity of the ribonucleic acid of tobacco 
mosaic virus has been recently studied (207). 

To what extent do these changes induced in nucleoproteins enable us to explain 
effects observed in organisms? It is possible that depolymerization may underlie 
some or all of these destructive effects of ultraviolet radiations upon cells which show 
an action spectru resembling nucleoprotein absorption. There is at present no 
positive evidence to link retardation of cell division, or lethal or mutagenic effects 
with depolymerization. Evidence has been presented for the appearance of nucleo- 
tides and nucleosides among the products of cells injured slowly with ultraviolet 
light (172) and these might result from the depolymerization of nucleic acid. However 
some of the nucleotides are present in concentrations different from those expected 
on the simple hypothesis of photolysis and it would appear that the injured cells 
actually manufacture these nucleotides and other substances when they are so 
injured. Furthermore injurious agents other than ultraviolet light lead to the pro- 
duction of such substances as well, therefore the effect is not specific and suggests 
the possibility of interference with enzymatic reactions. 

Pyrimidine alteration or destruction may possibly underlie some of the effects 
of ultraviolet light upon cells but there is at present no evidence to show this. If 
such alteration or destruction were truly to occur, one might expect that the absorp- 
tion of ultraviolet light by cells would change as the cells were injured, the direction 
of change depending on the alteration in the molecule. The cytoplasm may show a 
decreased absorption but the nuclei of fibroblast cells may show increased absorption 
at 245 to 275 mu (32, 221). This does not always appear to be the case (77, 177). 
Bradfield (30) has demonstrated all 3 types of behavior: cytoplasm of erythrocytes 
of fowl, mouse and frog show an initial decrease followed by an increase, which he 
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attributes to shrinkage; smears of sarcomata show little change while myeloblasts, 
erythroblasts and other stem cells in bone marrow show decreases in absorption at 
2654 A on exposure to this wavelength. The fall in absorption may be prevented by 
adding to the Ringer’s solution substances which have in common the property of 
inactivating sulfhydryl groups, e.g. mercuric chloride. This suggests that the forma- 
tion and breakdown of nucleoproteins depend upon the presence of some free sulf- 
hydryl groups and the absence of the latter inhibits these processes. 

The state of orientation of the nucleoproteins may be altered by the exposure 
of cells to ultraviolet light (54, 56) and this in turn may change the absorption co- 
efficient. According to the concept, in those cases where a decrease in cytoplasmic 
absorption is observed after irradiation, the nucleic acid in the cytoplasm is essentially 
unoriented and absorption is maximal before exposure. Orientation is thought to 
occur following light absorption and this is accompanied by a decrease in absorption. 
This concept has recently been questioned (212) but the arguments have not been 
accepted by the originator (55). 

The combination of nucleic acid or nucleotides with other cellular constituents 
as found in the cell probably influences the absorption of ultraviolet light (154). This 
possibility does not seem to have been explored but a beginning has been made (30). 
Much work is being done on nucleoproteins in the cells and undoubtedly much will 
be added to our knowledge as a consequence. Since nucleic acids are attached to 
proteins, it may be that the energy is transferred to the proteins where the reactions 
occur. Such a transfer without loss of energy is not too likely. 

The possibility exists that ultraviolet in some way interferes with the conversion 
of ribonucleic acid into desoxyribonucleic acid, as has been postulated for ionizing 
radiations (130, 172, 200). As evidence for this as a possible result of ultraviolet 
treatment one may mention the fact that in many cases cells show an increase in 
absorption, which could be due to such an accumulation. The studies of Loofbourow 
and his collaborators show that greater yields are obtained in chemical preparations 
of ribose nucleic acid (but not of desoxyribosenucleic acid) from ultraviolet-treated 
yeast than from non-irradiated yeast (172). 


PHOTOREACTIVATION OF ULTRAVIOLET INJURED CELLS 


Considerable excitement has recently been occasioned by the Kelner’s discovery 
(150) of reversal of injurious effects of ultraviolet light by visible light (called photo- 
reactivation) in Streptomyces, in which most conidia made non-viable by exposure 
to radiations from a Sterilamp showed an increase in viability of 70,000-fold after 
exposure to visible light. The striking nature of the results is illustrated in figure 3. 
In older reports a similar reversal was indicated but to a much lesser degree (214, 
222b, 260). The results on Streptomyces have been confirmed on a number of other 
forms: several other molds (151, 188, 233), some bacteria (151, 205), yeast (151, 250), 
bacteriophage (72, 72a) sea urchin eggs (20, 191, 259) and Protozoa (138, 222b). 

The dose reduction or increase in survival after light reactivation, as compared 
to the survival in the dark, is the same for different dosages of ultraviolet radiations 
(151). The capacity for photoreactivation decreases fairly rapidly by storage in the 
dark being largely gone in 2 hours on nutrient medium and 3 hours in saline media 
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(x51). The Qio for photoreactivation is about 3 between 20 and 40° C. (151), the 
energy of activation being 8500 cal. for microconidia of Neurospora immediately 
treated with visible light and 20,000 cal. if treated after a delay (108). 

Mutation of phage resistance in Escherichia coli appears to be reversed in the 
same way as viability (205), although there is some difference in opinion since the 
mutants may be classified into 2 groups: those which appear shortly after irradiations 
and those which appear in delayed fashion (151). Visible light reverses the former but 
not the latter (151). 

It would be of greatest interest to find out what substances are active in pro- 
ducing light reversal and by what mechanism such reversal occurs. The action spec- 
trum of photoreactivation would give useful clues (150). An action spectrum 
for phage photoreactivation recently reported (72a) indicates a maximum at 
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Fig. 3. ULTRAVIOLET DOSE-SURVIVAL CURVES of 1o"é 
B. coli B/r. Dark (black circles): suspension left in dark 
after irradiation. Light (open circles): suspensions re- 
activated with constant amount of visible light after 
ultraviolet-irradiation. PHOTOREACTIVATION, redrawn 
from Kelner (151), reproduced by permission of The 
Williams and Wilkins Co. 






107 | 


10-4 


FRACTION SURVIVING 








1o7> i L J lsdenal 
40 80 120 
SECONDS OF UV IRRADIATION 





3650 A and falling to low values at 3130 A on the one hand, and at 4350 A on the 
other, being close to zero at 4800 A. Since 3130 A is injurious to phage, a correspond- 
ing correction had to be made in determining the action spectrum. The photoreacti- 
vation action spectrum does not correspond to the absorption spectrum of normal 
phage, but phage exposed to ultraviolet light shows absorption in the photoreacti- 
vating region of the spectrum with a maximum at 3300 A. This maximum may be 
shifted to longer wavelengths on absorption of phage to the bacteria. Further studies 
are needed to determine the chemical nature of the absorbing substance. Different 
action spectra are reported for Streptomyces griseus and Escherischia coli, with maxima 
at 4340 and 4ooo A, respectively (1514). 

Phage is photoreactivated only if adsorbed to bacteria; reactivation occurs in 
relative absence of oxygen and is not prevented by the presence of cyanide (72a). 
At low light intensities, photoreactivation of phage is proportional to the dosage of 
light but at high light intensities it reaches a maximum value and shows a complex 
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temperature dependence (72a). The results suggest that photoreversible inactiva- 
tion is due to one injury, elimination of which restores activity (72a). 

Neither ultraviolet-treated eggs nor sperms of Arbacia are reported to be photo- 
reactivated if illuminated as gametes, but the irradiated zygote is readily reactivated 
if illuminated within about 9 to 11 minutes after fertilization (191). An analogy is 
drawn to the recombination phenomenon said to occur in phage (72a, 178). Tests 
with gametes of a western sea urchin have of corroborated these results (259). Thus 
the egg may be irradiated with a dosage of 750 ergs/mm. at \ 2650A and if it is 
illuminated for about half an hour with the light from a mercury spotlamp filtered 
through a Corning no. 3060 filter which transmits wavelengths longer than 3600 A, 
photoreactivation readily occurs and the eggs cleave with only a slight delay, whereas 
if not treated with visible light they cleave an hour later than controls (259). Sperms 
may also be photoreactivated with visible light after ultraviolet injury. However the 
visible light intensity must be very low compared to that used for egg reactivation 
since visible light alone injures sperms. Thus a dosage of 40,000 ergs/mm.* at A 
4350 A will sterilize the sperms so that they are unable to fertilize the eggs (259). 

Studies with yeast have shown that galactozymase formation, in the adaptation 
of yeast, to galactose as the only sugar in the medium, may be inhibited partially 
or totally by ultraviolet light (250). Photoreactivation is achieved by visible light 
and the illuminated yeast will form galactozymase. However the viability of ultra- 
yiolet-treated cells is also increased by illumination. The increase in viability on 
photoreactivation is less than the increase in rate of respiration on galactose (250). 
It would appear’that the phenomena are dependent upon separate mechanisms in 
the cells upon which visible light produces its effects. 

It has been postulated that when bacteria are irradiated with ultraviolet light 
a poisonous substance is produced in 2 forms one of which is light labile and one of 
which is light stable (205). If the irradiated bacteria are stored in the dark, the 
light-labile poison forms a light-stable poison and photoreactivation is no longer 
possible, resulting in death. A mathematical analysis of the data is in agreement with 
such a theory (205). The conception of ultraviolet injury as resulting from the pro- 
duction of poisons is not new (27, 129, 228). Thus in an early study, when one of a 
pair of dividing blastomeres was irradiated before the furrow had separated the 2 
cells, the other cell died, but if the irradiation was performed after the furrow had 
been completed, this did not occur (129). Injury in the first instance was attributed 
to passage of toxic photoproducts of irradiation from the exposed cell to the other. 
The observation has been frequently made that photolyzed cells have no effect upon 
unexposed cells introduced among them (96, 172). It may be concluded that the toxic 
materials do not readily penetrate the cell membrane. The identity of the diffusing 
poison has not yet been indicated, but from work on ultraviolet effects on media 
(246), the suggestion of an organic peroxide has been made.® More recently hydrogen 
peroxide or some other peroxide has been implicated (201a) since reactivation is 
observed with catalase or peroxidase without light and since in the presence of light, 


$TIt is unlikely that hydrogen peroxide is produced by radiations in the wavelength range be- 
ing discussed; in fact, since hydrogen peroxide absorbs these radiations (2000-3000) strongly, it is 
likely to be decomposed rather than produced (see 172, p. 111; with regard to ozone see 172, p. 112). 
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photoreactivation is more effective if catalase, peroxidase or an iron salt are present. 
If we are to accept the action spectra for ultraviolet injury as significant, then pro- 
teins and nucleoproteins must sensitize reactions in which these toxins are produced. 
Little more can be said about this theory until data supporting it or discrediting it 
have been collected. 

If the ultraviolet radiations produce their effects not by poisons but by direct 
action upon the protoplasmic constituents, what is the nature of this action? Photo- 
reactivation or reversal of ultraviolet damage by illumination with visible light makes 
it seem unlikely that such drastic effects as the splitting of peptide bonds in proteins 
or other photolyses in important molecules in protoplasm underlie the action of 
these radiations since such bonds do not reform readily once broken and probably 
require high-energy bonds for their formation (167-169). One would like to postulate 
for future testing something seemingly more readily reversed. The conception of 
oxidative alteration of proteins (and of amino acids), rather than breakdown of 
proteins, as the change underlying biological effects has come forward for considera- 
tion from studies on absorption spectra. The absorption spectra of proteins show 
progressive increases in absorption with exposure to ultraviolet light (120, 186). The 
same sort of changes may be seen in aromatic amino acids on similar exposure (186, 
188a). Even phenylalanine which shows little initial absorption except at very short 
wavelengths, shows an increase in absorption at the 2800 A region (188a). Tyrosine 
is known to be oxidized to dihydroxyphenylalanine (dopa) which has a much stronger 
absorption than tyrosine and an increase in phenols has been detected after irradia- 
tion (9). Similar changes in absorption spectra occur when the amino acids are 
oxidized under the influence of oxidases as after irradiation with ultraviolet light 
(232). Similar changes are also produced when tyrosine is treated with ozone (ror). 

The question arises as to where the amino acids either free or in the protein 
are oxidized. This problem has been attacked by comparing the absorption spectra 
of phenylalanine, tyrosine and dihydroxyphenylalanine with those of their analogues 
without side chains—benzene, phenol and catechol. The available data show that 
the influence of the side chain is very small (188a). When the compounds lacking 
the side chains were irradiated, results similar to those found for irradiation of amino 
acids were found. The changes which affect the absorption must occur in the ring 
rather than in the side chain. Thus the molecular absorption coefficient in the region 
of maximal absorption (between 2540 A and 2800 A) is 150 to 225 for compounds 
such as benzene (155), toluene (63) and phenylalanine (188a), from 1330 to 1850 
for one phenolic group such as is present in phenol (188a), /-cresol (136a) and tyro- 
sine (188a), and from 2250 to 2700 for 2 phenols as in catechol (188a) and dopa (192). 
If, however, a third phenol is present as in pyrogallol, absorption is decreased, the 
molecular absorption coefficient falling to 700 (188a). Indole (196a) without a side 
chain has approximately the same molecular absorption coefficient as tryptophane 
with a side chain (5900, 5350 respectively at the 2760 A maximum, 188a). 

It is likely that oxidation proceeds beyond the formation of dopa from tyrosine 
(8) and phenylalanine since calculation shows that if it is assumed that all of the 
tyrosine were so converted to dopa, the increase in absorption spectrum which is 
found would not be accounted for (227). There is reason to believe that in the pres- 
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ence of oxygen, irradiation would result in the formation of quinones which might 
be further oxidized to further oxidation products. If this is true, the strong absorption 
of irradiated amino acids (or proteins) in the visible could be accounted for, for 
quinone shows a strong absorption in this range (188a). 

Oxidative changes of small magnitude might not break the peptide bonds of 
a molecule but might well alter the properties of a molecule which is catalytically 
active. Thus if we may be permitted to introduce data from another type of radia- 
tion—x-rays,’ it has been demonstrated that the enzyme inactivation following 
small dosages can be reversed by a reducing agent such as glutathione (12). It is 
therefore possible that the reversible effects of ultraviolet light might involve similar 
but not necessarily the same oxidative changes in the protein molecules of the cell.® 
Such changes might be reversed by appropriate reduction of the protein molecules 
affected and in fact some evidence for (107) and against this possibility (73) has 
been presented in studies with enzymes exposed to ultraviolet light in the presence 
of reducing agents. More work needs to be done to clarify the relations particularly 
in organisms. If ultraviolet light does indeed act by furthering oxidations, the cell 
must be capable of performing considerable reduction since the number of quanta 
absorbed before any effects are detected is very high (92) as already pointed out. 

Frey Wyssling (86) has recently developed a theory of protoplasmic structure 
which postulates the presence of a variety of linkages—through homopolar groups, 
hydration spheres, hydrogen bonds, salt linkages and sulfur linkages. The properties 
of life are thought to depend upon maintenance of some sort of structure in the 
protoplasm at all times. Some of the bonds may be broken without harm but when 
enough are broken, death results. Oxidation in the rings of the protein molecules 
or of nucleoprotein molecules may well alter or render more susceptible to thermal 
breakage the bonds normally present. 

It is not postulated that oxidation (in the broad sense) of proteins or other 
compounds is the only means of action of ultraviolet rays upon cells, but perhaps 
only the initial and reversible effect. Along with oxidations, other changes may 
occur, and, with continued irradiation, photolytic changes such as the breakage of 
peptide bonds followed by denaturation and flocculation may come to predominate 
in the effects observed on cells as they do in proteins (see section EFFECTS ON PRO- 
TEINS). Such drastic changes may underlie the irreversible and light unreactivatable 
changes and it has been observed by a number of investigators that when the damage 
resulting from exposure to ultraviolet light is excessive, photoreactivation does not 
occur; furthermore photoreactivation is never complete. 

Photoreactivation after ultraviolet treatment has therefore opened wide the 
question of the mechanism of action of these rays upon protoplasm. The phenomenon 





7 These experiments deal with the oxidation of the SH group by the oxidizing agents produced 
in the water or solution by x-rays. 

8 Thus ozone causes quite different changes in the absorption spectrum of serum albumin than 
that following irradiation with ultraviolet light, suggesting oxidation at a different locus in the 
molecule (101). 

® Oxygen is not necessary for lethal action of ultraviolet radiations (18, 258), but non-oxida- 
tive irreversible changes may well explain killing in the absence of oxygen. Atmospheric oxygen is 
generally present in photobiological studies. 
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has not yet been adequately explored to give the much needed data for further specu- 
lation on the mechanism either of the initial ultraviolet injury or of the photoreactiva- 
tion process itself. 

The potency of visible light in reversing mutations induced by ultraviolet radia- 
tions has an important bearing on the evolution of life. Ultraviolet radiations are 
certainly an important part of the environment of living things. They are highly 
mutagenic and it would be expected that microorganisms which cannot escape the 
influence of these radiations might well be subjected to undue mutational stress. 
On the other hand if visible light can reverse these effects of ultraviolet rays there is 
less danger of excessive mutability of the stocks. It is therefore probable that in 
sunlight the visible spectrum acts as an antidote to the ultraviolet. 

The photoreactivation phenomenon also demonstrates the need for the experi- 
mentalist to remember that the organism lives in an environment in which the 
factors are not separated from one another as they are in laboratory experimentation. 
It would be wise to try occasionally a mixture of the factors, which in nature affect the 
organism or the cell, to avoid getting a one-sided picture of natural phenomena. 
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CAUDAL AND CEPHALIC INFLUENCES OF THE BRAIN 
STEM RETICULAR FORMATION 
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CHICAGO, ILLINOIS 


HEN THE HEAD END of the central nervous system became preoccupied in 
phylogeny with behavior of the individual as a whole, as contrasted with 
that within component segments, the cerebral hemispheres and cerebellum 
were appended to the outside of the cranial neuraxis and, at the same time, a con- 
siderable volume of neural tissue was added to its interior, in what is known as the 
reticular formation of the brain stem. In many respects this brain stem reticular 
formation appears not so much to have been a completely new development as a 
rostral enlargement and specialization of interneuron collections present through- 
out the intermediate grey of the cord. Both bear the same topographical relation 
to the central canal and are so interposed between definitely afferent and efferent 
neural elements. Ascending and descending propriospinal connections from spinal 
interneurons, serving intersegmental activity within the cord, similarly are proto- 
types of comparable connections of the brain stem reticular formation, which enable 
it to influence activity at caudal and cephalic neural levels. 
By means of its descending connections (2, 83, 84, 6, 15, 16, 79, 80), the retic- 
ular formation of the brain stem is capable of modifying activity within the cord, 


either to reduce or augment it, and spatially distinct portions exert these contrast- 
ing influences. 


RETICULO-SPINAL SUPPRESSION 


When a background of some motor activity is initiated in an anesthetized or 
decerebrate animal, and stimulation is applied to the bulbar part of the reticular 
formation, movement is brought completely to a halt (64, 65, 97). This suppressor 
influence is catholic in its action, being effective upon the two-neuron stretch or 
tendon reflex, upon multineuronal flexor reflexes and upon cortical motor responses 
which are known from the work of Lloyd (60) to involve interneuronal transmission 
through the dorsal part of the spinal grey. 

This inhibitory effect is best elicited by stimulating the ventromedial part of 
the reticular formation at bulbar levels of the brain stem. Its threshold is exceed- 
ingly low and it is easily evoked with brief shocks, suggesting that large, rapidly 
conducting neural elements are responsible. The descending suppressor pathway is 
distributed in the anterolateral white matter of the cord. Its influence is most pro- 
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nounced on the ipsilateral side but crossed effects are also present, the crossing 
occurring at spinal rather than bulbar levels. 

Lettvin (54) has shown that the suppressor reticulo-spinal fibers terminate in 
the lateral portion of the intermediate internuncial pool of the cord and has ob- 
tained inhibition of motor neurons by direct stimulation here with microelectrodes. 
Lettvin and Dell (55) have found this inhibition to be accompanied by a long slow 
positive potential in the motorneuron pool, resembling the positive ‘synaptic’ poten- 
tial of Eccles with intersegmental reflex inhibition. The suppressor influence of the 
reticular formation of the brain stem thus involves the intermediation of spinal 
interneurons. 


RETICULO-SPINAL FACILITATION 


When backgrounds of spinal motor activity similar to those described above 
are set into play and intercurrent stimulation is delivered to the reticular formation 
at levels of the brain stem above the bulb, an opposite effect, the facilitation of 
movement, results (91). The elements mediating it are likewise low-threshold and 
rapidly conducting and they respond to a wide variety of stimulus frequencies. 
This facilitatory influence, like the suppressor one, does not exert reciprocal effects 
upon antagonistic motor outflows, and it has even been shown by Bach (4) to in- 
crease the reciprocal inhibition of extensors in a spinal flexor reflex, presumably by 
exerting an influence at some early synapse in the flexor reflex arc. 

The facilitatory reticulo-spinal system takes origin from levels of the brain 
stem as far forward as the diencephalon, excellent effects being elicited from stimula- 
tion of the midline and intralaminar nuclei of the thalamus and from its nucleus 
ventralis lateralis (91, 3). The sub- and hypothalamus are likewise exceedingly 
effective regions for facilitation and excitable foci may be followed caudalward 
from them through the periaqueductal grey, the midbrain and pontile tegmentum 
and the bulbar reticular formation. At the bulb, facilitation is evoked from stimula- 
tion around the periphery of the suppressor field, and rebound facilitation after 
bulbar suppression suggests that the two systems are partially coextensive here. 

It has been proposed that the facilitation of cortical motor response by excita- 
tion of the rostral brain stem, particularly the hypothalamus, occurs within the 
motor cortex itself (77), but movements elicited from the pyramidal tract, after 
cortical extirpation, are facilitated from the hypothalamus as well, indicating a 
spinal site of the facilitatory process (91). A critical test of this proposal—determina- 
tion of whether or not pyramidal tract potentials from stimulation of the motor 
cortex are augmented during intercurrent excitation of the hypothalamus—still re- 
mains to be performed. 

The long stretch of the brain stem from which facilitation may be elicited sug- 
gests that a series of descending relays conduct its influences caudally. Facilitation 
evoked by stimulating behind chronic hemisections at the midbrain and pons, 
affords positive indication for constituent elements arising at intermediate and 
caudal levels of the brain stem, as well as from its rostral end (79). Within the cord, 
reticulo-spinal paths for facilitation overlap those for suppression in the anterolateral 
white matter. The two exhibit respective dorsal and ventral concentrations, how- 
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ever, so that it is possible by partial spinal sections to interrupt conduction in them 
differentially. Facilitation evoked from one-half of the brain stem is exerted bi- 
laterally, crossing occurring both at brain stem and spinal levels. 

The superb analysis of Lloyd (59) has clarified the spinal facilitatory process. 
The long reticulo-spinal fiber has feeble endings directly upon spinal motor neurons 
and its discharge alone is without effect or leads to but minor facilitation. On ap- 
proaching termination, powerful collaterals are given off from the long fibers, which 
bring short propriospinal neurons into play. The latter both deliver impulses directly 
to motor neurons and in turn recruit local internuncial pools. From its temporal 
features, this progressively amplified, spinally-generated excitement converging upon 
the motor neuron can be identified as the factor responsible for the pronounced 
facilitation initiated from the brain stem. In addition to augmenting the number 
of motor neurons which are brought to discharge, the short propriospinal impulses 
are able also to exert a pronounced synchronizing influence upon their firing, a 
feature to come back to later. Like the suppressor one discussed above, the facilita- 
tory reticulo-spinal system similarly, therefore, acts very largely through the inter- 
mediation of spmal interneurons. The manner of its action, by spatial summation 
at the anterior horn cell is, however, more easily understood than are the processes 
involved in suppression. 

It is apparent from the foregoing that study of descending influences of the 
reticular formation has so far been preoccupied entirely with the pronounced effects 
exerted upon the discharge of spinal motor neurons. It would be of considerable 
interest to know whether or not these generalized reticulo-spinal influences are 
capable also of altering the transmission of afferent impulses within the cord, but 
this has not yet been explored. : 

Superimposed, then, on the modulating influences of spinal interneurons upon 
anterior horn cell activity are suppressor and facilitatory influences of reticulo-spinal 
systems. There is every indication that these contrasting influences are exerted by 
two separate neuron organizations, whose brain stem origins and descending spinal 
paths are distinct from one another. Specific internuncial components of the cord 
similarly appear to mediate each of these effects. The inability to reverse these 
influences by altering the parameters of stimulation setting them into play also 
opposes the hypothesis of a common arrangement of neural elements which, fired 
subliminally, create an anelectrotonic field preventing the excitation of adjacent 
motor neurons and which, fired liminally, predispose to motor neuron discharge (23). 

These reticulo-spinal systems arising in the brain stem are played upon in turn 
by descending connections to them from the cerebral cortex and cerebellum. 


CORTICIFUGAL CONNECTIONS TO THE RETICULAR FORMATION 


Employing the method of physiological neuronography developed with Dusser 
de Barenne, McCulloch ef al. (67) have shown that strychnine spikes in cortical 
area 4-S evoke related potentials in the bulbar portion of the reticular formation. 
These are still recorded after section of the pyramid at the front of the bulb and 
hence are conducted by an extrapyramidal path which appears to diverge from 
the cortico-spinal tract in the pons. Similar connections from area 24-S have been 
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reported by Ward (103) and from area 19-S by McCulloch and Henneman (68). 
Several of the cortical suppressor areas thus make connections with the reticular 
formation of the brain stem, in particular with its bulbar suppressor part. 

In the upper brain stem, connections from other parts of the cortex are made 
with the facilitory reticular formation. Using the strychnine spike technique, Peter- 
son and Bickers (86) have observed connections from area 6 with the midbrain 
tegmentum, and Niemer and Jimenez-Castellanos (81) have seen similar firing of 
the midbrain tegmentum by the sensorimotor, lateral associational, limbic, and 
auditory cortical areas as well. Lloyd (61) has proposed that collateral corticifugal 
excitation of rapidly conducting reticulo-spinal paths may set the spinal stage for 
impulses arriving directly from the cortex over the more slowly conducting fibers 
of the pyramidal tract. 

These indirect routes from the cortex to the cord, via reticulospinal paths, 
may also underlie the management of such voluntary control of the musculature 
of the trunk and proximal portion of the extremities as persists after interruption 
of the direct cortico-spinal system in animals and man. Movements of this ‘extra- 
pyramidal’ type may be initiated from stimulation both of those cortical areas mak- 
ing connection with the reticular formation of the cephalic brain stem (25, 98) and, 
with intensities greater than those yielding facilitation, from the length of the brain 
stem itself, the latter constituting the ‘tegmental responses’ of the older literature 
(24, 53, 40, 43). Intensive study of these indirect routes for voluntary movement 
through the brain stem reticular formation might be expected to provide a clinically 
valuable basis for guiding attempts to improve motor function in patients with 
hemiplegia or cerebral palsy. 


CEREBELLOFUGAL CONNECTIONS WITH THE RETICULAR FORMATION 


The recent studies of Snider et al. (95, 96) and of Nulsen, Black and Drake (82) 
agree in showing that the facilitation and suppression of movement which may be 
induced by cerebellar stimulation are mediated by connections with the reticular 
formation of the brain stem. These effects are elicited from the anterior, simplex 
and paramedian lobules, and exhibit somatotopic localization paralleling that seen 
in afferent reception by these regions (94). Cerebellar connections with the reticular 
formation thus constitute a major outflow by way of which this organ is able to 
exert regulatory influences upon spinal motor activity, and these findings imply a 
predilection for body parts within portions of the reticulo-spinal systems, which 
remains to be explored. 

Both the cerebral cortex and the cerebellum, then, utilize reticular relays in 
the brain stem in exerting many of their influences upon the cord. It is highly likely 
that the basal ganglia do so too (110) and, when it is appreciated that the vestibular 
nuclei give rise to the only other long path of importance, reticulo-spinal connections 
emerge as the major final common paths of the extrapyramidal motor system. 

Their role in hyperreflexia and involuntary movement, following injury to the 
brain, may next be considered. 


DECEREBRATE RIGIDITY 


Ward (102) and Ward and Wheatley (105) have recently shown that following 
intravenous injection of sodium cyanide, the electrical activity of the brain is de- 
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pressed from above downward and, at a stage when functional decerebration has 
occurred, there ensues a transient period of decerebrate rigidity. At this time, the 
electrical activity of the suppressor reticular formation is reduced, that of the facil- 
itatory reticular formation is unchanged or increased, while that of the cord is 
markedly increased. Ward (102) attributes the diminution of activity in the bulbar 
suppressor area to the elimination of inflows to it from higher neural levels, and 
ascribes the rigidity to the maintained and unopposed action of facilitatory reticulo- 
spinal influences upon spinal reflexes. In agreement, cyanide rigidity could not be 
obtained after lesions in the facilitatory pontile tegmentum. 

Using the surgically decerebrate animal, Bach and Magoun (5) confirmed earlier 
observations that injury to the vestibulo-spinal system abolished decerebrate rigidity. 
Initial elimination of facilitatory reticulo-spinal influences, by transection of the 
brain stem, also appeared involved, however, for in animals with spasticity from 
cerebral lesions, but in which the brain was otherwise intact, vestibular lesions did 
not induce a flaccid state and were without effect upon phasic hyperreflexia. These 
indications of the important role of the facilitatory reticular formation in main- 
taining hyperactive spinal states, may provide an explanation for the otherwise 
puzzling flaccidity observed by Keller (50) following chronic transection of the 
pontile tegmentum, without vestibular involvement. 


SPASTICITY 


In a study of spasticity in the cat, Lindsley, Schreiner and Magoun (56) em- 
ployed electromyography to evaluate changes in spinal stretch reflexes. Spasticity 
was produced by injury to suppressor areas of the cerebral hemispheres and cere- 
bellum, both of which, as noted above, exert their influences through the bulbar 
reticular formation. With injury to single cortical suppressor areas, symptoms were 
initially pronounced but diminished with time, and subsequent injury to the deep 
caudate or fastigial nuclei caused their reappeara i‘he most pronounced and 
permanent consequences followed combined lesions ‘i. the cerebral hemisphere 
and cerebellum, which evidently left the bulbar suppi.ss.r system without inflows 
to maintain its activity. 

The obtrusive feature of this spasticity was an exaggeration of stretch reflexes 
in all muscle groups of the extremity, most pronounced in the functional extensors. 
The reflex threshold was considerably lowered, for even the slight tension present 
with the leg in a resting position was sufficient to evoke maintained discharge hold- 
ing the extremity in extension. In addition, contraction induced by imposed stretch 
was excessive and was responsible for the greatly increased resistance to manipulation 
felt on clinical examination. Tendon reflexes were similarly enhanced and were 
repetitive, this repetition often continuing as clonus. 

Two explanations have been offered for this exaggeration of myotatic reflexes, 
called spasticity, which follows injury to suppressor systems of the brain. Both are 
Jacksonian in derivation: the first considers the spinal stretch reflex to be intrinsi- 
cally capable of exaggeration when released from suppression; the second attributes 
reflex enhancement to facilitatory influx from the brain, normally balanced by 
suppression, but exerting an augmented influence in its absence (66). Schreiner, 
Lindsley and Magoun (93) evaluated these explanations by observing the effect of 
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secondary injury to central facilitatory systems upon pre-existing spasticity. Lesions 
at levels as far back of the midbrain produced no diminution, but the spastic state 
was considerably reduced by transection of the pontile tegmentum and was abolished 
by additional destruction of the vestibular nuclei. As was pointed out above, a 
series of facilitatory relays pass back the brain stem, and the more cephalic com- 
ponents can evidently be successively eliminated until the ponto-bulbar level is 
reached, when reticulo-spinal facilitation becomes greatly diminished. Correlated 
marked reduction of stretch hyperreflexia indicates that reticulo-spinal facilitatory 
discharge is the major but not the sole influx maintaining spasticity. Some is derived 
also from the vestibular nuclei, injury to which—though ineffective by itselfi—when 
added to tegmental transection eliminates residual stretch hyperreflexia and so 
wipes out this feature of the spastic state. 

These findings clarify the results of neurosurgical attempts to relieve spasticity 
in man by section of facilitatory paths in the cord. Spasticity was not prevented 
by section of vestibulo-spinal tracts in the human cord (26). After initial flaccidity, 
section of the lateral funiculus of the cord in man was followed by an increase in 
spasticity rather than by its diminution (87, 42). In patients with existing spasticity 
in the lower extremity, bilateral anterolateral cordotomy resulted in flaccidity, loss 
of clonus and reduction of deep reflexes; clonus reappeared, however, and deep 
reflexes became exaggerated again, but extensor spasm was permanently lost (41). 
Facilitatory paths maintaining spasticity are concentrated, therefore, in the ventral 
half of the cord (100), but their widespread distribution suggests that effective 
interruption might leave the patient with spasticity relieved, but more incapacitated 
than before. 


MYANESIN 


Recent neuropharmacological studies of myanesin suggest that this drug may 
become of considerable clinical value in the treatment of spasticity. The independent 
investigations of Henneman ef al. (38, 39) and of Kaada (48) agree in showing that 
myanesin is without influence upon the two-neuron tendon or myotatic reflex, and 
hence does not act by blocking the neuromuscular junction like the curare deriva- 
tives. Reticulospinal facilitation and suppression are equivalently abolished by 
myanesin, as are other central neural processes in which a number of interneurons 
are involved (48, 69). This drug has a central action, therefore, and interneuronal 
or loop circuit activity of an exaggerated sort is differentially vulnerable to small 
dosages. The hyperactive stretch reflexes of spasticity have been found to be effec- 
tively reduced with quantities which do not impair normal reflexes, voluntary 
motor power or consciousness, and a comprehensive review of the clinical useful- 
ness of myanesin and related compounds has recently been given by Berger (10). 

Myanesin is also effective in reducing involuntary movement, another dis- 
order of the extrapyramidal system in which the reticular formation of the brain 
stem appears to be prominently involved. 


INVOLUNTARY MOVEMENT 


The recent production in monkeys of a tremor at rest, resembling that of paraly- 
sis agitans in man (12), holds the promise of opening to experimental investigation 
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that important category of extrapyramidal diseases characterized by involuntary 
movement. Such tremor has followed lesions, at the mesencephalic level of the 
brain stem, of the ventromedial tegmentum between the red nucleus and the sub- 
stantia nigra (106, 85). The tremor appears and continues, often for long periods, 
in the absence of active movement or unusual strain, when the animal is exhibiting 
no more muscular tension than is required to maintain a resting posture. Its rate 
is between 6 and 10 a second. The tremor may alternate in antagonistic muscles, 
and thus display reciprocal innervation. It may shift from one muscle or part to 
another, indicating that somatotopic localization can characterize the mechanisms 
involved. It may be out of phase in arm and leg, showing that no universal frequency 
for the whole body exists. This tremor disappears in sleep. 

Its relation to postural contraction is indicated by the appearance or exacerba- 
tion of tremor in a muscle subjected to passive stretch. Tremor may also be aug- 
mented in a part during increased tension associated with active movement elsewhere. 
The generalized enhancement of postural contraction associated with excitement 
also increases the intensity of this tremor. Its association with posture rather than 
with movement is, moreover, inversely indicated by its disappearance during the 
course of active movement, with subsequent reappearance as motion ceases. 

A similar tremor at rest has followed lesions of the lateral cerebellar nuclei (30) 
or subthalamus (70, 108), and it was earlier encountered by a number of investi- 
gators after injury to the superior cerebellar peduncle and the adjacent pontile 
portion of the brain stem. This postural tremor is clearly distinguishable, however, 
from the action tremor of cerebellar disease, which latter appears, on electromyo- 
graphic recording, really to be a dyssynergia (107). 

The reference of lesions precipitating postural tremor to the reticular formation 
of the brain stem, or to structures connecting with it, coupled with Lloyd’s (59) 
demonstration, noted above, of the marked synchronizing action of reticulo-spinal 
volleys upon anterior horn cell discharge, raises the possibility that this tremor 
results from an abnormal timing of reticulo-spinal impulses passing to the cord, 
with their grouping leading to synchronized motor neuron firing. The fact that 
tremor becomes augmented under conditions in which the activity of the reticular 
formation is increased, as in excitement, or disappears when such activity is dimin- 
ished, as in sleep (see below), is relevant to this view. 

The clinical neurologist and neurosurgeon, whose experience with involuntary 
movement is admittedly far greater than that of the physiologist, believe on the 
other hand that the serially repeated, synchronized, descending volleys responsible 
for tremor arise in the motor cortex and are conducted to lower motor outflows by 
the pyramidal tract. In support of this view is the indisputable fact that extirpation 
of the motor cortex or section of the pyramidal tract abolishes tremor and other in- 
voluntary movement in man (27, 28, 87, 88, 9). This finding might be alternatively 
explained, however, by the possibility that the cortico-spinal tract contributes such 
an essential facilitatory background for anterior horn cell discharge in man that 
tremorogenic impulses, from other sources, are unable to reach threshold in its 
absence. This question is an important one, for its answer should determine whether 
or not it is possible to relieve involuntary movement by neurosurgical intervention 
in man without, at the same time, paralyzing the patient (71, tor). 











466 ' H. W. MAGOUN Volume 30 


HYPOKINESIA 


Another conspicuous symptom that follows injury to the reticular formation 
at the upper end of the brain stem is a diminution or absence of motor responsive- 
ness that occurs without involvement of long afferent or efferent paths connecting 
with the cortex. Lesions in the cat, involving the caudal hypothalamus and the 
tegmentum at the cephalic end of the midbrain, were observed by Ingram, Barris 
and Ranson (44) to produce a syndrome, resembling catalepsy in man, and char- 
acterized by initial somnolence, pronounced lack of motor initiative, marked dis- 
inclination to walk, acceptance of passively induced poses, indisposition to eat and 
vacuity of expression. After the somnolence and plastic hypertonus had passed, 
marked poverty of movement still persisted. The animals would sit upright in one 
spot for hours, almost motionless, with an unchanging vacuous stare. No response 
could usuaily be observed to a wide variety of afferent stimuli and, when the animals 
could be induced to move at all, their gait was slow and hesitating. Similar hypo- 
kinesia has been observed by others following injury to the hypothalamus or mid- 
brain in the cat (8, 7) and, with lesions restricted to the periaqueductal grey and 
tegmentum beneath the superior colliculus, the deficit is limited to a reduction of 
mimetic facio-vocal activity and to mutism (51). 

In a series of monkeys with lesions in the caudal sub- and hypothalamus, Ranson 
(89) noted slowness, decreased activity and lack of motor initiative to be a character- 
istic finding. Lacking the initiative to eat, the animals had to be maintained by 
tube feeding. Their faces were mask-like and, in contrast to the agile restlessness 
of the normal monkey, all activity was greatly reduced and slowed. The animals 
remained immobile for long periods, only blinking or shifting their position slightly. 
Similar pronounced hypokinesia in monkeys following injury to the mesencephalic 
tegmentum has been encountered by Peterson, Magoun, McCulloch and Lind- 
sley (85). 

Von Economo (99) has described a similar syndrome in man with involvement 
of the rostral brain stem from encephalitis and Cairns et al. (29) have reported a 
remarkable case with a cyst of the third ventricle in which, as the cyst filled and 
expanded, the patient exhibited mutism and loss of emotional expression and was 
incapable of initiating active manifestations of any kind. Tapping the cyst and 
aspiration of its contents was followed by prompt return of vocalization, interest 
in surroundings, and voluntary movement. These dramatic alterations were followed 
through three cycles. 

Several explanations can be advanced for this pronounced reduction of move- 
ment that follows injury to the rostral end of the reticular formation of the brain 
stem. The hypothalamus and midbrain tegmentum form, as noted above, the front 
end of a descending reticulo-spinal system capable of exerting a pronounced facil- 
itatory influence upon spinal motor activity. Reduction of background excitation 
within the cord may, therefore, be in part responsible for this hypokinesia. In ad- 
dition, the effective lesions are in a position to interrupt many extrapyramidal 
corticifugal connections with the reticular formation (see above), whose importance 
for voluntary movement may be greater than is usually presumed. 

While both these considerations are probably relevant, it should be remarked 
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that neither animals nor patients with this disorder give an observer the unqualified 
impression of being hypokinetic solely because they are endeavoring to move but 
find themselves incapable of it. Much of their immobility appears due to a lack of 
‘will’ to move and they seem afflicted not so much with a paralysis of movement as 
with a paralysis of volition. While reduction of excitation within the cord may be in 
part responsible, there are indications that a defect at the cerebral level may also 
be involved, suggesting that the affected part of the brain stem may exert influences 
upon upper as well as lower levels of the nervous system. 

In addition, therefore, to influences of the reticular formation which are di- 
rected downward upon the cord either to suppress or augment the activity of its 
motor outflows, and dysfunction of which is involved in the syndromes of spasticity 
and involuntary movement, there are indications in the hypokinesia following injury 
to the front of the brain stem of influences of the reticular formation operating in 
an ascending direction upon the cerebral hemispheres. Evidence for such cephalic 
influences is derived most clearly, however, from the role of the brain stem reticular 
formation in wakefulness and sleep, which may next be considered. 


SOMNOLENCE FOLLOWING BRAIN STEM INJURY 


The somnolence that results in man from injury to the upper brain stem, either 
from tumors (34) or encephalitis (99, 92), has indicated the importance of this part 
of the brain for the management of wakefulness (37). Experimental studies by 
Ingram, Barris and Ranson (44) in the cat, Ranson (89) in the monkey and Nauta 
(78) in the rat, agree in showing that lesions in the caudal part of the hypothalamus 
or in the rostral tegmentum of the midbrain result in pathological sleepiness. This 
somnolence is most severe in the early postoperative period and persists under 
conditions which would normally cause prompt awakening. Arousal by strong stimuli 
is possible, but periods of wakefulness are brief. 

These investigators correctly concluded that since injury to the brain stem 
results in somnolence, the affected region is normally involved in maintaining the 
waking state and, in order to bring the findings into line with views of the dependence 
of wakefulness upon sensory influx (see below), they proposed that somnolence 
results in large part from elimination of a downward hypothalamic drive, with 
consequent secondary reduction of return to the cerebrum of afferent impulses 
from the periphery. 

THE EEG IN WAKEFULNESS AND SLEEP 


In contrast to the vast amount of information which has accumulated on other 
aspects of the subject (52, 49) relatively little has been known concerning the basic 
neural alterations in wakefulness and sleep until the development of electroencepha- 
lography provided an approach to the problem. Records of the electrical activity 
of the human brain on passing from wakefulness to sleep reveal that low-voltage, 
fast activity (20-50/second beta waves), associated with attentive alertness, gives 
way to 10/second alpha waves in relaxed wakefulness. Large slow waves appear 
at random during the drowsy state and, when the individual is unmistakably asleep, 
the record is composed of larger, slower, $-3/second delta waves, with 14/second 
spindle bursts appearing among them (36, 62, 63, 31, 13, 14). 
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The low-voltage, fast activity, characteristic of wakefulness, is attributed to 
the out-of-phase or asynchronous discharge of cortical neurons, while in sleep larger 
numbers of neurons are presumed to discharge together, with the synchronization 
of their activity accounting for the high voltage, and the progressive recruiting 
and decruiting of neuron collections, for the slow, rolling configuration of the waves. 
Such fragmentary analysis as has been undertaken of the discharge of single cortical 
neurons in sleep and wakefulness supports this view (109). 


THE ISOLATED FOREBRAIN AND SLEEP 


Coincident with these studies of the electrocortical alterations in wakefulness 
and sleep in man, a series of observations made on the animal brain have determined 
our present conceptions of these contrasting states. Since its introduction in 1896 
Sherrington’s decerebrate animal had repeatedly been employed in investigations 
of processes occurring below the mesencephalic transection, but it remained for 
Bremer first to detect, in 1935, that the isolated forebrain, lying in situ ahead of 
the cut (Bremer’s cerveau isolé), was in a state of sleep (17, 18). Ocular signs of 
sleep were present, but the most convincing evidence was derived from the animal’s 
EEG, which exhibited the large slow waves and spindle bursts characteristic of 
normal sleep or barbiturate anesthesia. In other preparations, when the brain was 
severed from the cord by transection at C 1 (Bremer’s encéphale isolé), the head 
remained behaviorally awake and the EEG exhibited the low-voltage, fast activity 
associated with wakefulness. Bremer thus demonstrated that an ascending influence 
from the brain stem was responsible for wakefulness and showed that sleep resulted 
when this influence was eliminated. Because, at that time, afferent impulses in 
classical sensory paths were the only known influences ascending from the brain 
stem to the hemispheres, Bremer proposed that maintained corticipetal conduction 
of afferent impulses is responsible for wakefulness, while functional deafferentation 
of the cerebrum leads to sleep (17-22). 

The commonplace importance of the diminution of afferent impulses as a factor 
predisposing to sleep, and the demonstrable capacity of afferent stimuli to arouse 
a sleeping subject to wakefulness, provided seemingly obvious support for this view. 


THE EEG AROUSAL REACTION 


When the relaxed, drowsy or sleeping animal or human subject is aroused to 
attentive alertness, the sequence of EEG changes observed on going to sleep is 
abruptly reversed. The large slow waves and spindle burst of sleep, or the less pro- 
nounced synchrony of relaxed wakefulness, promptly disappear and an activation 
pattern of low-voltage, fast activity preempts the record. This alteration, which 
was first observed by Berger (11), as blockade of the alpha rhythm by visual stimuli, 
on opening the eyelids, has since been found to be a common response to any afferent 
stimulus which attracts the subject’s attention. It has usua!'v been attributed to 
the desynchronizing action of afferent volleys arriving directly at the receiving 
areas of the cortex, but a number of observations are difficult to explain on this 
basis. 

In the animal studies of Ectors (32) and Rheinberger and Jasper (90), serially 
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repeated afferent stimulation soon failed to activate the EEG, though sensory 
volleys continued to reach the cortex. In addition, when an activation pattern was 
induced, it was by no means confined to the receiving area of the afferent system 
stimulated, nor did it appear first in this area and radiate from it. Whether somatic, 
auditory or, to a lesser extent, visual stimulation was employed, activation of the 
EEG, when evoked, occurred simultaneously in all parts of the cortex and often 
continued for long periods after excitation from the periphery had ceased. The 
generalized arousal reaction to vestibular stimulation in the cat was, moreover, 
shown by Gerebetzoff (35) to be still elicitable after ablation of the cortical receiv- 
ing area for this afferent system. 

In analysis of the sequence of EEG events induced by visual stimulation in 
man, Monnier (72) has shown that alpha blockade is not initiated for a considerable 
period after the electro-cortical events induced by the afferent volley are completed, 
and its latency might more easily be explained by invoking a subsidiary mechanism 
than by accounting for it through the direct cortical action of visual impulses. The 
observations of Adrian and Mathews (1) of alpha blockade in man by attempting 
to see in the dark, or by concentrating upon some problem, in which afferent stimula- 
tion was not involved, further indicate that arousal to attentive alertness, however 
generated, is the fundamental process with which activation or desynchronization 
of the EEG is associated. 

The relevance of this discussion to the subject may now be elaborated upon, 
for direct excitation of the reticular formation of the brain stem has recently been 


found to induce all the electro-cortical alterations observed in the EEG arousal 
reaction or in awakening from sleep. 


BRAIN STEM RETICULAR FORMATION AND ACTIVATION OF THE EEG 


When a background of EEG synchrony is established in the animal brain, 
with anesthesia, the recruiting response or spontaneous relaxation, direct stimula- 
tion of the length of the reticular core of the brain stem abolishes synchronized 
discharge and introduces low-voltage, fast activity in its place (76). The alteration 
is a generalized one but is most pronounced in the ipsilateral hemisphere and, some- 
times, in its anterior part. The excitable system appears to comprise a series of 
reticular relays ascending to the basal diencephalon; its threshold is low and it 
responds best to high frequencies of stimulation. In the unanesthetized brain, this 
region exhibits an intensely desynchronized background of fast spontaneous activity, 
with frequencies as high as 300/second (33). Portions of this ascending reticular 
activating system, chiefly its representation in the basal diencephalon, had pre- 
viously been identified. 

In the pioneer studies of Morison, Dempsey and their associates (74, 75), 
hypothalamic stimulation was found to prevent Dial bursts and the effect was con- 
sidered inhibitory in nature. Murphy and Gellhorn (77) next found this suppression 
of bursts to be accompanied by dispersal of strychnine spikes and increase in low- 
voltage background electro-cortical activity. They pointed out that these latter 
changes were excitatory in nature, and attributed the disappearance of bursts to 
an associated lessened degree of synchrony of cortical discharge, rather than to 
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inhibition. More recently still, Jasper and his associates (45-47) and Ward (104) 
have encountered similar changes and pointed out their resemblance to the arousal 
or awakening reaction. While interpretation of the findings has been varied, their 
basic similarity makes it clear that each of these investigators has provided evidence 
for an ascending reticular activating system whose direct stimulation abolishes 
electro-cortical synchrony and introduces low-voltage, fast activity in its place, thus 
reproducing the EEG pattern of alert wakefulness. 

The effect upon the EEG of waking preparations of brain stem lesions in a 
position to involve this ascending reticular system was next explored. 


ACUTE LESIONS OF THE BRAIN STEM ACTIVATING SYSTEM 


As noted above, the brain isolated from the cord by transection at C1 (Bremer’s 
encéphale isolé), remains awake and so constitutes an ideal preparation for study- 
ing the effect upon the waking EEG of acute brain stem lesions involving the re- 
ticular activating system (57). Elimination of the bulbar portion of the brain stem 
was without marked effect and, while some synchronization followed loss of the 
pons, the most striking changes occurred with mesencephalic or diencephalic lesions, 
after which EEG activation was reduced or abolished and recurrent spindle bursts, 
like those of sleep or barbiturate anesthesia, dominated the cortical record. The 
lesions producing these changes were distributed in the tegmentum of the mid- 
brain and in the sub- and hypothalamus, within the area of distribution of the 
reticular activating system. 

Tegmental lesions which abolished EEG activation spared large proportions 
of the afferent pathways ascending through the midbrain and selective destruction 
of such afferent pathways, at this level, failed to alter the waking electro-cortical 
pattern. Furthermore, the majority of basal diencephalic lesions leading to EEG 
synchrony similarly spared the sensory relay nuclei of the thalamus and left un- 
injured afferent paths to them from the brain stem. It appeared, therefore, that 
acute injury to the upper end of the reticular activating system, and not blocking 
of sensory paths, was the factor responsible for the sleep changes in the isolated 
cerebrum which Bremer (17-22) had earlier described. 

With this background, it seemed desirable to determine to what extent cor- 
related behavioral and EEG observations of animals with chronic lesions of the 
brain stem would support the seemingly important role of its reticular activating 
system in the induction and maintenance of the waking state. 


BEHAVIORAL AND EEG CHANGES FOLLOWING CHRONIC BRAIN STEM LESIONS 


When the anterior end of the reticular activating system is chronically inter- 
rupted in the mesencephalic tegmentum or basal diencephalon, the EEG is charac- 
terized by the large slow waves and spindle bursts of normal sleep, or by other 
synchrony, while low-voltage, fast activity associated with wakefulness is lacking 
(58). Behaviorally, such animals appear asleep and, when unmolested, persist in 
this state throughout their postoperative survivals. Conversely, in the chronic period 
after brain stem lesions which leave this reticular system uninjured, while destroy- 
ing the periaqueductal grey or long sensory paths, the animals appear behaviorally 
awake much of the day and their EEG is characterized by low-voltage, fast activity. 
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These findings are in complete accord with Bremer’s fundamental observation that 
sleep in the cerebrum ensues upon interrupting ascending influences from the brain 
stem, but they indicate that it is the absence of ascending influences of the reticular 
activating system, and not those conducted by classical sensory paths, that is of 
importance. 

The commonplace experience that afferent stimulation will induce and con- 
tribute to wakefulness, while its absence favors sleep, seems opposed to this con- 
clusion until the possibility is considered that collaterals from afferent paths may 
terminate in the reticular activating system and exert their influence indirectly 
by modifying its activity. The chronic animals just mentioned served also to test 
this possibility for, in each of them, the arousing effect of somatic and auditory 
stimulation was repeatedly tested against a background of drowsiness or sleep. 

When both somatic and auditory paths were chronically interrupted at the 
front of the midbrain, somatic and auditory stimuli were still regularly capable 
of arousing the sleeping animal and activating its EEG. It seems likely that such 
arousal was mediated by collaterals from afferent paths terminating in the brain 
stem reticular formation below the lesion and exerting their cephalic influence in- 
directly through its ascending relays, and anatomical evidence favoring this pos- 
sibility has recently been presented by Morin and O’Leary (73). When the front 
end of the reticular activating system is interrupted by large mesencephalic or 
hypothalamic lesions, it was also possible to induce a degree of behavioral arousal 
and to activate the EEG by auditory and somatic stimulation. EEG activation 
was excellent but differed from normal in that it characteristically terminated almost 
immediately upon the cessation of the arousing stimulus and, even when this was 
intense, never persisted for more than a few succeeding seconds. 

From these observations, it appears that afferent stimulation can activate the 
EEG both by collateral excitation of the reticular formation below the mesencephalon 
and, additionally, by the direct arrival of afferent impulses at some site above the 
midbrain or hypothalamus. It is possible that activation occurs upon the arrival 
of afferent impulses finally at the cortex, as is generally believed. It seems more 
likely that such activation develops upon arrival of afferent impulses at the thalamus, 
at which site presumably the ascending influences of the reticular activating system 
are elaborated for corticipetal transmission. 

Wherever it is located, the site at which EEG activation is induced by afferent 
impulses coursing past the brain stem reticular formation, in long sensory paths, 
is evidently cephalad to the neural focus at which self-propagating activity con- 
tinues to preserve the waking state for long periods after the arousing stimulus 
initiating it has ceased. For, as remarked, arousal in the animals under discussion 
was only brief and, being so directly dependent for maintenance upon the continued 
application of the arousing stimulus, failed to serve the animal usefully. Stated in 
anatomical terms, interconnections between the diencephalon and cortex are not 
by themselves capable of preserving the waking state beyond the immediate period 
of their bombardment by afferent impulses from the periphery. It thus appears that 
maintained wakefulness following the cessation of an arousing stimulus depends 
upon excitation within the reticular activating system below the diencephalon. 

In these animals with large hypothalamic or midbrain tegmental lesions, the 
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excellence of the EEG activation induced by afferent stimulation contrasted sharply 
with the poverty of associated behavioral arousal and the lesions appeared, in fact, 
to have dissociated these two features of the waking state. This suggests that in 
addition to the importance for wakefulness of the cephalic influence of the reticular 
activating system upon electro-cortical activity, attention should be focussed also 
upon caudally directed influences of this reticular formation which, as stated above, 
are capable of providing a facilitatory background favoring motor performance. 
There now seem to be sufficient data to propose that the presence or absence of 
the caudal influence of this activating system is as important in contributing to 
the behavioral differences exhibited in wakefulness and sleep as are variations in 


its cephalic influences in modifying electro-cortical activity in these contrasting 
states. 


SUMMARY 


These recent studies have brought to the fore the important role of the reticular 
formation of the brain stem in regulating the background activity of the remainder 
of the central nervous system. It lies in parallel with long afferent and efferent neural 
systems, receives connections from both of them and exerts influences of its own 
at caudal and cephalic levels. Its caudal influences upon spinal levels contribute 
to optimum motor performance. Its cephalic influences upon the cerebral hemisphere 
provide the substrate of a state called wakefulness upon which most higher functions 
of the nervous system depend. 
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MULTIPLE EMBOLISM OF THE LUNG AND RAPID 
SHALLOW BREATHING 


D. WHITTERIDGE 
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OXFORD, ENGLAND 


URING THE 1914-18 WAR, Dunn (25) tried at Porton to produce the rapid 
shallow breathing of phosgene poisoning in other ways. He injected a suspen- 
sion of starch grains intravenously into goats, and found that, after a certain 

dose, the respiratory rate rose four to sevenfold, while the depth of respiration fell. 
He could find no consistent disturbance to account for the production of this rapid 
shallow breathing, for the arterial oxygen and carbon dioxide levels were unaltered, 
and the heart output, the aortic blood pressure and the venous pressure showed only 
minor fluctuations. He claimed on rather slender evidence that the pulmonary. blood 
pressure was unchanged, and on this point only have later workers disagreed with 
him. When interest in phosgene disappeared, the subject was allowed to drop. 

Starting from an investigation of the rapid shallow breathing of pneumonia and 
heart failure, Binger, Brow and Branch (7, 8), Binger, Boyd and Moore (6), and 
Moore and Binger (49) carried out a series of painstaking investigations on multiple 
embolism in the dog and excluded a number of suggested mechanisms. A similar 
clinical interest led to the work of Villaret, Justin-Besancon and Bardin (64) who 
confirmed earlier results and investigated possible therapeutic effects of a number 
of drugs on the condition. De Takats, Fenn and Jenkinson (19) used radiological 
methods to investigate possible reflex bronchoconstrictor and vasoconstrictor mech- 
anisms. The development of an elegant technique for the measurement of pulmonary 
arterial pressure in the intact unanesthetized dog enabled Megibow, Katz and Stein- 
itz (46) and Megibow, Katz and Feinstein (45) to establish that a rise in pulmonary 
arterial pressure is a frequent and probably an invariable accompaniment of tachyp- 
nea. They concluded that afferent nerve endings in the pulmonary artery and its 
ramifications were responsible for the increase in respiratory rate. A similar picture 
of tachypnea with a normal blood pressure and normal oxygen tension occurred in 
rabbits and goats exposed to atmospheric blast (37). A search was therefore started 
for possible common nervous factors in the various forms of tachypnea (68, 12, 67, 
69, 70). 

It is at first sight remarkable that this condition of starch embolism which has 
been carefully and repeatedly investigated should still present so many major prob- 
lems. Our knowledge of the changes in the pattern of respiration and of the vas- 
cular changes involved is very incomplete. The nature of the afferent stimulus, the 
mode of involvement of the central nervous system, and the part played by neuro- 
vegetative factors are all largely unknown. Although the facts established are in- 
explicable by the current hypotheses on the regulation of respiration, they are 
mentioned in text books briefly or not at all. In view of the present highly unsatis- 
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factory condition of theories of clinical dyspnea the neglect of the results of experi- 
mental minute embolism is surprising. 

The essential feature of multiple minute embolism is rapid breathing with a 
reduction in the volume of each breath. This will be referred to as tachypnea, and 
an increase in the rate and depth of breathing as polypnea. Tachypnea has been 
seen in goats (25), dogs (7, 8), cats (7, 8, 55, 67), rabbits (64), and sheep (54). Most 
authors agree that deep anesthesia increases the tolerance to embolic material, but 
shortens the period of survival after the onset of tachypnea. Dunn used unanesthe- 
tized goats, or for operative procedures, goats anesthetized with urethane 1 gm/kg.; 
Binger et al. (7, 8) insisted on light anesthesia and used luminal 120 to 150 mg/kg. 
by stomach tube, which gives complete narcosis only after 4 to 5 hours; Megibow 
et al. (45, 46) used light Nembutal anesthesia in dogs; Walsh used urethane 1.5 gm/ 
kg. in rabbits and chloralose 50 mg/kg. in cats; Pearce (unpublished observations) 
found that Nembutal reduced the tachypnea produced by starch in the sheep. 

In some decerebrate cats, tachypnea follows the injection of small amounts 
of starch, but in others no respiratory acceleration is obtainable. This variability 
may be similar to the variability in response to phosgene (69). Some light on possible 
mechanisms involved comes from the work of Sternberg and Tamari (60), who in- 
jected suspensions of India ink into rabbits and guinea pigs. They found that un- 
anesthetized animals were invariably killed by the intravenous injection of 1 ml. 
of their suspension, whereas anesthetized animals could tolerate several milliliters 
without respiratory disturbances. Some of the decerebrate guinea pigs resembled 
unanesthetized animals, while the remainder could tolerate large doses. Their 
histological findings will be discussed later. 

Many different materials have been injected. Potato starch in suspensions 
of ¢ or y'y has been most commonly used. The grains vary from to to 100 uw in diameter. 
Wheat starch appears to have more uniform grains of 5 to 25 u. Lycopodium grains 
with a diameter of about 40 uw and carbon particles have also been used. The French 
workers have preferred pumice powder calibrated by sieves of standard mesh (64). 
Violet (65) pointed out that repeated washing is necessary to separate particles 
of 6 to tou from the particles of 150 4 and that the toxicity of the smaller particles 
is much greater than that of particles of too uw or over. Repeated histological exam- 
inations have shown that neither starch grains (7, 8) nor pumice powder (64) can 
be detected in the greater circulation in animals which respond to starch by rapid 
shallow breathing. On the other hand oil droplets can pass through the pulmonary 
capillaries and can cause cerebral embolism. 

The dosage required for the onset of tachypnea varies from animal to animal. 
In Shaw Dunn’s experiments, 10 to 15 gm. of starch were invariably fatal to goats, 
whereas doses of 3 to 4 gm. gave a tachypnea with survival for several hours. Binger 
et al. (7, 8) used 1 to 5 gm. of starch and describe an initial period in which there was 
little or no change in respiratory rate. Further injection of small quantities of starch 
then gave rise suddenly to tachypnea. According to Megibow et al. (46) there are 
detectable changes in the pulmonary arterial pressure even before the respiratory 
rate is affected. 

Some useful comparisons have been made of the effect of injecting fine particles 
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with that of injecting particles of a few millimeters in diameter. These include various 
seeds and specially made enamel beads (64). The use of very large embolic masses 
which might be expected to obstruct the whole pulmonary artery has an extensive 
literature and will not be discussed here (47, 34). 

In the discussion of experimental and clinical embolism, some confusion has 
arisen since clinical workers have frequently missed the distinction between small 
emboli of about 1 to 2 mm. in diameter, and minute emboli of 5 to too uw diameter. 
Though there is reasonable agreement between the results of injection of large and 
medium emboli and the phenomena of clinical pulmonary embolism in man, multiple 
minute emboli in man are probably rare. The cases of embolism by epithelial squames 
after short and violent labor reported by Steiner and Lushbaugh (59) seem to have 
some features in common with experimental multiple minute embolism. 

Histological Findings. With minimal doses of starch, the grains may be found 
in pre-capillaries and even in capillaries, but with comparatively little in the arteries. 
Vascular engorgement is common, as is a ring apparently due to edema around the 
arteries. Later leucocyte infiltration and capillary hemorrhages are seen. 


RESPIRATORY CHANGES 


According to Shaw Dunn (25) the depth of each breath falls to 50 to 70 per cent 
of its resting volume. With four- to sevenfold increases in the respiratory rate, 
the respiratory volume rises. In some reports, the raised respiratory rate continues 
until death; in others there is a gradual return to normal, followed by further accelera- 
tion with subsequent doses. Reports on the changes in functional residual air are 
conflicting. According to Binger ef al. (7, 8), who used a gas-mixing technique, there 
was an immediate decrease of about 30 per cent in the functional residual air in 
dogs. In cats enclosed in a plethysmograph with a connection between the tracheal 
tube and the outside air, there was a slight decrease followed later by an increase in 
functional residual air. This method would, however, fail to show a decrease in 
functional residual air due to a displacement of blood from the greater to the lesser 
circulation. In rabbits, an increase in the tone in a diaphragm slip has been seen, 
and action potentials have appeared in the diaphragm throughout expiration whereas 
normally there was silence during expiration (67). If such changes in the tone of the 
diaphragm exist, they are apparently much less striking than the increases seen with 
phosgene (69), and with trichlorethylene (68). 

Occasionally there is a short period of apnea immediately after embolism, 
followed by the development of tachypnea. Occasional deep breaths two or three 
times the tidal air are not uncommon after embolism. They differ from deep breaths 
seen in normal anesthetized animals in that they are followed by a period of further 
increase in the respiratory rate with a raised expiratory level. Normally deep breaths 
are followed by expiration to the usual expiratory level, and after 6 to 8 seconds 
there is a diminution in amplitude corresponding to the time of arrival of the acapnic 
blood at the respiratory center (13). Similar deep breaths followed by a further 
increase in respiratory rate are seen in phosgene poisoning (4, 69, 70). 

Since it has been suggested by Christie (14) that the essential feature in dyspnea 
is an increase in the rigidity of the lungs, attempts have been made to measure the 
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resistance to inflation after injection of starch. According to Drinker, Peabody and 
Blumgart (22), congestion of the lungs produces a small but measurable increase in 
the resistance to inflation. Such a change is difficult to analyze completely except 
in a highly artificial system, similar to that used by Bayliss and Robertson (5) who 
described elastic resistance and viscous resistances due to movement of lung tissue 
and of air in the bronchi. Pulmonary congestion may be expected to increase the 
tissue elastic and viscous resistances; a moderate amount of bronchoconstriction 
should increase only the air viscous resistance. The separation of this factor requires 
the use of hydrogen or helium and is not usually undertaken. Changes which may 
occur in the relation between the stretching force applied to the lung and the amount 
of expansion should therefore be interpreted with caution. In spinal animals, an in- 
crease of 7 to 8 per cent was found in the intratracheal pressure produced by the 
inflation of the lungs by a constant volume of air. In animals breathing spontaneously 
the stretching force may be taken to be the negative intrapleural pressure, but 
measurements at different points are well known to vary widely (71). A series of 
observations on the ratio between the stretching force and the tidal air (the index 
described by Christie and Meakins, 15) has been made in one cat after starch and 
the ratio was found to increase considerably. 

Bronchoconsiriction. From the postmortem findings in his goats, Shaw Dunn 
(25) inferred that a severe bronchoconstriction occurred 3 to 4 hours after starch 
injection. This was not found by Binger e/ al. (7, 8) in dogs. Bronchoconstriction 
was assumed by Villaret ef a/. (64) to occur, on evidence which is not at all clear. 
Nevertheless de Takats, Fenn and Jenkinson (19) have provided some radiological 
evidence in favor of bronchoconstriction. Boyer and Curry (10) measured intra- 
pleural and intratracheal pressures and concluded that large emboli may cause 
bronchospasm. There is some evidence that histamine is liberated from the lungs 
after embolism. By cross-circulation experiments in dogs, Ungar, Grossiord and Brin- 
court (63) have shown that there is an increase in the gastric secretion of the re- 
ceptor animal about 8 to 12 minutes after the injection of emboli into the donor. 
This has been confirmed by Duquesne (24). Such a liberation of histamine may be 
responsible for the spreading thrombosis observed with larger emboli and may be 
related to the effects of injection of foreign proteins described by Brodie (11) and 
recently by Gilding and Nutt (28). There is also some evidence for the liberation 
of adrenaline after the injection of various powders (43). 

Oxygen Saturation. Though the samples of arterial blood taken by Shaw Dunn 
shortly after embolism usually showed no change in oxygen saturation, later samples 
were usually seriously unsaturated. Binger ef al. (7, 9) and Megibow et al. (45) con- 
firm that in dogs anoxemia played an important part in the later stages, but agree 
that the provision of 100 per cent oxygen from the beginning does not seriously 
affect the tachypnea, though it does raise the blood-oxygen level. With respiratory 
rates about 60 per minute and with a decreased depth of respiration, the effect of 
dead space by itself would be expected to cause a serious degree of desaturation. 

Carbon Dioxide. Shaw Dunn’s measurements of alkali reserve showed no signifi- 
cant change, but the addition of 3 to 5 per cent of COs to the inspired air was followed 
by a reduction in the rate and an increase in the depth of respiration. Clearly, then, 
the tachypnea could not have been due to an inability to lose CO by the lungs. 
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VASCULAR FACTORS 


Clear evidence of an increase in systolic and even more in diastolic pulmonary 
arterial blood pressure was provided by Megibow ef al. (46). They found that after 
the injection of starch, an increase in pressure accompanied respiratory acceleration 
and decrease in tidal air. Occasionally the pulmonary arterial pressure showed an 
abrupt rise after injection, with an immediate fall and a long slow rise in pressure 
as the tachypnea increased. No observations on pulmonary arterial pressure were 
made by Binger e/ a/. who assumed from earlier work that the pressure did not in 
fact rise. They were further misled by their observations on the obstruction of the 
pulmonary artery by a cuff applied near its bifurcation. Even in unanesthetized 
animals, they found no effect on respiration before complete arrest from central 
asphyxia, and inferred that a raised pressure in the pulmonary arterial system had 
no central reflex effects. Obviously they had raised the pressure in the right ventricle 
by their cuff, but the pressure in the artery distal to the cuff had been decreased, 
contrary to the state of affairs after starch embolism. 

Unfortunately Shaw Dunn gives details of only two animals in which the right 
ventricular pressure was recorded after starch embolism. In neither case did he record 
any appreciable increase in pressure in spite of the appearance of a sharp rise in 
respiratory rate. He was, however, recording ventricular diastolic pressure and not 
pulmonary artery diastolic pressure, his water manometer had considerable inertia, 
and he made no allowance for the changes in effective pulmonary arterial pressure 
due to possible changes in intrapleural pressure. An increase in the pulmonary 
arterial pressure after embolism has also been observed in cats, dogs and sheep by 
Pearce (unpublished observations). 

Rises and falls in the central venous pressure have both been observed after 
starch embolism. When, in Shaw Dunn’s animals, there was an immediate decrease 
in the heart output, there was a sharp rise in venous pressure. As the heart output 
returned to more normal levels, the venous pressure fell. The same rise in venous 
pressure has also been seen to accompany an immediate rise in pulmonary arterial 
pressure (45) and is presumably due to failure of the right ventricle to empty against 
a greatly increased load. Megibow et al. (45) usually found an increase in venous 
pressure after starch embolism and also after the injection of medium or large emboli. 
The last two conditions were accompanied by rapid but deep and labored breathing, 
not abolished by the administration of oxygen. They were able to reproduce this 
labored breathing in two animals in which the embolic mass had obstructed the 
right atrium and had raised the pressure in the great veins without reaching the 
pulmonary artery. They also found that distension of the region of the superior 
vena cava, known to contain sub-endothelial pressure receptors (52), by means of 
an umbrella-ribbed device produced respiratory activity of the same fast deep and 
labored type. This observation could be repeated frequently. There is little doubt 
that these endings signal the effective venous pressure (51, 70, 35, 20), though there 
is little other evidence on their central effects. The earlier observations of Ballin 
and Katz (3), using the same umbrella-ribbed device, make it very unlikely that 
these endings do in fact have the cardio-accelerator effect ascribed to them on in- 
adequate evidence by Bainbridge (2). 

There have been few studies of the pressure changes in the left atrium. Eckhardt 
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(26) has dealt fully with the pressure changes produced in deeply anesthetized 
animals by large emboli. He found a slight fall in the pressure in the left atrium with 
each embolus. Such a fall in pressure is likely to be signaled to the vasomotor center, 
since pressure receptors are to be found at the openings of the pulmonary veins 
(52), and impulses believed to arise from them have been detected in the vagus (70). 
Their central effects are yet more obscure than those from the right atrium. 

All observers agree that, apart from an occasional drop in aortic pressure im- 
mediately after embolism, there is usually no effect on the aortic pressure until 
shortly before death. This would of course be expected from the observations of 
Haggart and Walker (29) that it is possible to reduce the output of the heart to 20 
to 30 per cent for short periods without affecting the systemic blood pressure. 

Observations on the heart output are, on the whole, unsatisfactory and frag- 
mentary. Shaw Dunn was able to use the direct method based on the Fick principle, 
since it is possible in the goat to withdraw blood direct from the right ventricle by 
a needle pushed through the chest wall. Not more than three or four such observa- 
tions could be made on each animal, and it was therefore difficult to follow the evolu- 
tion of the condition. It is however clear that tachypnea could occur quite 
independently of the changes in heart output. Similar observations were made on 
dogs by Binger e/ a/. In the experiments of Megibow e/ a/. no observations on heart 
output were made, but its changes were inferred from changes in pulmonary and 
systemic blood pressure. For example, the injection of papaverine produced a fall 
in pulmonary arterial pressure and a rise in aortic pressure. This is more likely to 
be due to an increase in heart output, rather than a decrease. If, however, it were 
possible to make continuous records of the pulmonary arterial pressure and the 
output of the right heart, in addition to the tidal air it would be possible to measure 
and analyze the total peripheral resistance in the lung. 

In spite of the work of de Burgh Daly (16) and Daly e/ a/. (17) who have shown 
that stimulation of the vagosympathetic trunk in the dog can cause sharp rises in 
pulmonary arterial pressure, the view is still widely held that changes in pulmonary 
vascular resistance passively follow changes in lung volume, and that active vaso- 
constriction does not occur. This view is probably a simplification of the careful 
statement by Hamilton, Woodbury and Vogt (30) that “We can supply no clear-cut 
evidence that vasoconstriction in the pulmonary bed plays any significant role in 
the pulmonary dynamics.” This view is also held by those who think it permissible 
to argue that since sympathetic vasoconstrictor fibers would obstruct the pulmonary 
blood flow, their activity could only be harmful during ‘flight or fight,’ and that 
therefore they cannot exist. The vitality of this kind of argument is indeed remark- 
able. It has been shown in man, however, that anoxia increases the peripheral 
resistance in the lung at a time when there is a slight increase in the tidal air (50). 
A purely local vasoconstriction with anoxia in perfused lungs has been described by 
von Euler and Liljestrand (66) and confirmed by others (42, 23). A nervous vaso- 
constrictor mechanism as described by Daly would of course be additional to this 
local mechanism. 

It has been claimed that multiple minute emboli set up a reflex vasoconstriction 
in arterioles which are not mechanically blocked (64, 26), though no direct evidence 
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is offered. Jesser and de Takats (36) claim to have radiological evidence of wide- 
spread pulmonary vasoconstriction. Recently Smith and Hara (58) have injected 
starch into a branch of the pulmonary artery which supplies only one lobe of the 
lung, in animals with the chest open. They found a large rise in pulmonary arterial 
pressure, a fall in systemic pressure and death within 2 to 3 minutes, in spite of the 
fact that the emboli were restricted to only one lobe. If the starch was injected and 
the pulmonary artery clamped nearer to the heart, there was no rise in pulmonary 
arterial pressure. The injection of beads did not produce these effects. It is well 
known that the ligature of the artery to one lobe or even to the whole of one lung 
before pneumonectomy is without catastrophic effects. The results of injection of 
starch into one lobe can clearly not be merely due to the exclusion of that lobe from 
the available vascular bed. It is difficult to account for the observed rise in 
pulmonary arterial pressure without invoking a reflex vasoconstriction involving 
both lungs. Further comment is useless until the full account becomes available. 

Somewhat different results were obtained by Binger ef al. (7, 8). They injected 
starch into one lung only while the pulmonary artery to the other lung was com- 
pressed, and obtained tachypnea which sometimes but not always disappeared 
when the artery to the intact lung was released. This was confirmed by Villaret 
et al. (64). 

If there is in fact a sympathetic vasoconstrictor mechanism in the lungs it is 
possible that there is some degree of resting ‘tone’ in the arterioles. The experiments 
of Sternberg and Tamari (60) provide strong evidence of such tonic constriction. 
They showed that intravenous injection of 1 ml. of an Indian ink suspension pro- 
duced immediate death with respiratory symptoms in unanesthetized and 
decorticated rabbits. In all these animals the Indian ink was found impacted in dense 
masses in arterioles and the smaller arteries, while the capillaries were almost free 
from particles. In the anesthetized animals, which tolerated much larger doses, the 
lungs were uniformly stained except for areas near the vertebral and lower borders. 
One of the decerebrate animals behaved in the same way as the unanesthetized 
animals; the remainder resembled the anesthetized. 

It has been suggested that some of the effects of pulmonary embolism are due 
to the extra load thrown on to the right side of the heart. Eckhardt (26) measured 
the right and left coronary flow by means of thermostromuhrs, in deeply anesthetized 
animals, and concluded that there was an increase in the coronary flow of both sides, 
but that the increase on the right side was much the greater. By extensive denerva- 
tion of the heart, he showed that this increase in flow was not due to extrinsic re- 
flexes acting on the heart, but was related to the increased work of the myocardium 
of the right heart. Previously Scherf and Schonbrunner (56) had suggested that it 
was possible in dogs after embolism to identify changes in the E.C.G. which were 
due to an insufficient blood supply to the right ventricle. According to Hochrein and 
Schneyer (33) the variety of E.C.G. patterns is much too great and their interpreta- 
tion too difficult for this evidence to be used for or against the existence of a pulmo- 
coronary reflex. Their own work on lightly anesthetized animals gave evidence of 
an absolute reduction in right coronary flow, with an increase in left coronary flow. 
Although they speak of the pulmocoronary reflex as an ‘Entlastung reflexe’ corre- 
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sponding to that described in the general circulation by Schwiegk (57), it is difficult 
to see how it could be of value to the organism. 

The Nervous Factors. As there was no obvious cardiovascular disturbance in 
his experiments, it was natural for Shaw Dunn to suggest that the tachypnea was 
due to excitation of vagal afferent fibers. He found that cutting the vagi abolished 
the tachypnea. It was however re-emphasized by Binger e/ al. that cutting the vagi 
abolished most forms of rapid breathing whether they were of central or peripheral 
origin. Clearly, if the rapid breathing of CO, excess or of oxygen lack are both abol- 
ished by vagotomy, this does not imply that they are of peripheral origin. Never- 
theless, when chemical stimulation and mechanical irritation of the respiratory 
center seemed both to be ruled out, it is not surprising that the search for an afferent 
pathway in the vagus continued. Laqueur and Magnus (39) had suggested that the 
rapid shallow breathing of phosgene poisoning was due to a sensitization of the 
stretch endings of the lung. This view was taken up later by Christie (14) to ac- 
count for a-variety of clinical dyspneic states. At his suggestion, Partridge (53) 
examined the effect of starch on single stretch fibers in the vagi, and concluded that 
they were in fact sensitized. Careful re-examination of her records does not wholly 
support this view, and after reinvestigating the question in cats and rabbits, both 
artificially ventilated and breathing normally, Walsh (67) concluded that the activity 
of single endings may increase or decrease slightly after embolism. These changes 
are consistent with the presence of patches of collapsed and over-ventilated lung, 
and there is good evidence against a general increase in sensitivity of stretch endings. 
Similar evidence against a general increase in the sensitivity of stretch endings was 
also found in phosgene poisoning (69), and in experimental congestion (12). The 
only condition in which there is any evidence for a tachypnea due to sensitization 
of stretch endings is the brief initial effect of a number of volatile anesthetics in- 
cluding trichlorethylene (68). 

If we may rule out the stretch fibers, there remains among the fibers so far 
identified in the vagus, the rapidly adapting fibers described by Knowlton and 
Larrabee (38), true deflation fibers described briefly by Adrian (1) and a variety 
of vascular fibers (70). So far there is no evidence implicating the rapidly adapting 
fibers in the phenomena caused by starch embolism. In order to demonstrate them, 
Knowlton and Larrabee used rather higher rates of inflation of the lungs than are 
usual. It is possible that if the lung becomes more rigid, that quickly adapting 
fibers may become of greater importance. The same applies to true deflation endings, 
i.e. endings stimulated during deflation of the lung but not showing vascular rhythms. 
Such endings were described by Adrian (1) in the rabbit and their existence inferred 
in the dog by Hammouda, Samaan and Wilson (31). They have also been seen in 
the cat, and are stimulated by compression of the belly as long as the diaphragm 
is relaxed, as well as by suction of air from the trachea (54). It is tempting to relate 
such fibers to endings in the visceral and intralobular pleura described by McLaugh- 
lin (44) and by Larsell and Dow, (40, 41). 

In addition to these fibers, it is possible that the smallest myelinated and un- 
myelinated fibers may also have powerful effects on the respiratory center. The 
evidence to the contrary from Heinbecker and O’Leary (32) is not conclusive since 
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they give no information about the anesthetics they used. It has long been known 
that respiratory responses from the lungs are greatly affected by the level of anes- 
thesia (cf. 18), and it is probable that this is not related merely to the presence or 
absence of pain fibers. Torrance and Whitteridge (62) observed that rapid breathing 
could follow the ingestion of starch even when the vagi were cooled to 6°C., a 
procedure known to block large fibers. 

Of the vascular fibers, we may dismiss at once the venous fibers, on the grounds 
given by Megibow e/ al. (45), that though they can stimulate the center to produce 
a fast deep type of breathing, they are probably not concerned in the production of 
fast shallow breathing. Fibers arising from the right ventricle (70), for which there 
has been some confirmation (20), may play some part when the right ventricular 
pressure rises. Their central effects are unknown, and from the experiments of 
Binger e¢ al. it is unlikely that they play any essential part in the tachypnea of 
embolism. 

The position of the pulmonary vascular fibers is much more interesting. The 
differences in behavior after multiple minute embolism on the one hand, and embolism 
by beads or seeds and the ligature of pulmonary arteries on the other hand, are 
difficult to explain unless one assumes with Megibow e/ al. (45) that there are 
afferent nerve endings on the arterioles. There is some histological evidence for 
them, provided by Dogiel (21) on the strength of the observations of a pupil. Some 
description of them was given by Takino (61), but Elftmann (27) failed to find any. 
A very few such fibers have been seen which have increased their rate of discharge 
after starch (67, 69, 70). In these cases there was, at the same time, an increase in 
respiratory rate. On the other hand the two fibers illustrated in figures 3 and 4 by 
Whitteridge (70) showed no change whatever after starch embolism, when the 
respiratory rate was also unaffected. The technical difficulties in attempts to obtain 
faithful records of the contour of the pulmonary pressure wave suitable for comparison 
with the rate of impulse discharge are considerable. Nevertheless, some progress 
has been made, using a technique devised by Pearce, towards obtaining simultaneous 
records of pressure and pulmonary vascular activity. So far the parallelism has been 
satisfactory, but no simultaneous records of pulmonary arterial pressure and pul- 
monary vascular fiber activity during tachypnea have yet been made. If one assumes 
that active vasoconstriction of pulmonary arterioles does in fact take place, and 
if receptors lie between the region of greatest pressure gradient and the capillaries, 
then it is possible to suggest that these endings normally produce a reflex vaso- 
constriction when they are stimulated. Their function would then be to keep the 
pulmonary capillary pressure below the levels at which pulmonary edema must 
occur, i.e. below about 30 to 35 mm. Hg (48). If this is so, vasoconstriction would 
reduce the stimulation of the ending and, in present-day jargon, we would have a 
negative feed-back system. If however, starch grains lodge in the precapillary, just 
downstream from the nerve ending, then the ending will remain exposed to the 
pulmonary arterial pressure in spite of any degree of vasoconstriction short of ob- 
literation of the lumen of the arteriole. In fact we should have a system with 
positive feed back, since reflex vasoconstriction would now tend to increase the 
stretching force at the nerve ending. This hypothesis would account for the efficacy 
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of very small particles, the peculiarly catastrophic nature of the reaction, and its 
alleviation by deep anesthesia and papaverine. This hypothesis covers the vascular 
phenomena but does not pretend to account for the respiratory changes. Obviously 
there are a number of points which urgently require verification. 

The investigation of the respiratory behavior of lightly anesthetized and intact 
animals presents very great difficulties at the moment. It is difficult to acquire enough 
quantitative information about the circulation to feel confident that a series of 
experimental animals are being studied under even approximately similar conditions. 
Variations in venous pressure in anesthetized and operated animals have long been 
recognized (71) and it is probable that similar large differences occur in heart output. 
Subsequent experience has confirmed earlier impressions that when oxygen saturation 
is reduced or peripheral blood flow is poor, it is impossible to record action potentials 
from small fibers (70). One is therefore left with the choice of intact animals in which 
the phenomena can be produced, but cannot be rigorously studied, and perfused 
preparations in which the phenomena could no doubt be studied if only they could 
be produced. 

Although the number of simultaneously active types of afferent fiber seems to 
be much greater than was at first suspected, so that it is wiser to speak of respiratory 
behavior rather than respiratory reflexes, certain classifications are beginning to be 
possible. 

Thus there are at least three types of ending concerned with changes in lung 
volume: r) rapidly adapting fibers described by Knowlton and Larrabee (38) and 
concerned probably with movement in the trachea, 2) slowly adapting stretch fibers 
signaling the volume of the lungs, and 3) ‘true’ deflation fibers arising perhaps from 
the visceral pleura. All of these fibers are probably concerned primarily in respiratory 
reflexes. 

There is at least one type of fiber which appears to signal pressure in the pul- 
monary capillaries or arterioles and which is probably primarily concerned with 
vascular adjustments, but which may be secondarily concerned with modifications 
in respiration. Finally, the possibility that the smallest fibers modify both respiration 
and circulation must be kept in mind. Of all these fibers, the vascular fibers are 
most clearly implicated in the disturbances produced by multiple minute emboli. 

There is a small amount of direct evidence on this point and only a hypothesis 
of this kind can account for the difference in effect between seed emboli and multiple 
minute emboli. All the evidence, however, suggests that the circulatory disturbances 
produced by emboli exert their effects on more than merely the vascular fibers. 
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ALTERNATIVE METABOLIC PATHWAYS 


VAN R. POTTER anp CHARLES HEIDELBERGER 


From the McArdle Memorial Laboratory, Medical School, University of Wisconsin 
MADISON, WISCONSIN 


ESSENTIAL METABOLITES 


NE OF THE MOST important developments in modern biology is the concept 

of ‘essential metabolites.’ This concept has emerged largely as the result of 

studies on nutritional requirements of microorganisms, together with cor- 
relations between these data and similar observations on higher forms of life (42, 68, 
III, 158, 174). The present position has been stated very clearly in following passage 
quoted from a review by Knight, which was written in 1945 (68): 


“*... The substances which an organism takes from its nutrients are used as material for build- 
ing up the new cells. These cells carry out a complex interwoven series of processes, which is the life 
of those cells, and consists in taking compounds from the environment and synthesizing other com- 
pounds to make new cells. The extent and rate of multiplication of new cells will depend on the ef- 
ficiency with which the processes of construction are carried out. This efficiency (here used in the 
general and not only thermodynamic sense) will clearly depend partly on the availability of the ma- 
terials of construction. This will in turn depend upon the rates of utilization and synthesis of the 
various materials of the enzyme systems whose continued functioning is the life of the cells. The 
fundamental biochemical processes of cell life—the essential metabolism of the cells—form the 
cardinal feature, and certain of these processes are common to the widest variety of cell. Where or- 
ganisms may differ, however, is in the means whereby the materials for these processes are acquired. 
But here a sharp metaphysical distinction into ‘acquired from the environment’ or ‘synthesized by 
the cell’ is not possible. For it is clear that a certain rate of synthesis might be too slow to yield a 
required rate. Effectively then the cell would depend upon an external source of supply, to a degree 
which would be relative to the rate of synthesis of this substance. Hence a given substance, required 
as a component of one of the essential metabolic processes, might appear in three different roles as a 
component of the nutrients. It might appear: (z) as an ‘essential’ nutrient, when its rate of synthesis 
by the cell was so slow as to be insignificant; (2) as a growth stimulant, when its rate of synthesis 
was somewhat faster but still slow enough to be a limiting factor; or (3) as a substance not required 
at all for nutrition, because the cell could synthesize it so fast that it was not a limiting factor in 
growth. It is the metabolic process which is the essential thing and the compounds used in carrying 
it out are essential metabolites, i.e. the substrates used for the process, or the substance which forms 
parts (prosthetic groups, etc.) of the enzyme systems which carry out these essential reactions. . . .” 


Although he wrote from the viewpoint of the microbiologist, Knight concluded 
that “‘such studies with microorganisms are of the widest value since the findings, 
reflecting the underlying unity of all biochemistry, will have application in all bio- 
logical fields.” 

The application of this concept to problems in animal metabolism is an objective 
of the present survey. References to the nutritional requirements of bacteria will not 
be emphasized inasmuch as comprehensive reviews on this subject are already avail- 
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able (68, 112). While progress in the field of microbiology has been made by tech- 
niques that involve mainly the determination of nutritional requirements in various 
naturally occurring and artificially-induced mutant strains (9), recent progress in 
animal metabolism has been advanced less by these techniques and more prominently 
by the use of isotopic tracers. In the animal field, as in the field of microbiology, the 
addition of trace amounts of certain growth factors will initiate a sequence of events 
that results in the synthesis of many thousand-fold amounts of cell protoplasm in the 
ensuing growth. In the animal field, as in the field of microbiology, it is clear that 
many substances that are essential for growth can be synthesized from within, that is 
the animal can produce them from simpler building blocks, and does not require 
them to be preformed in the diet. Thus, whether a compound is a vitamin or not de- 
pends on the organism concerned, and the more subtle problem is not the nutritional 
requirement but the metabolic requirement. Depending on the origin, building blocks 
may be considered as endogenous or exogenous, with the understanding that the endog- 
enous growth substances are made from compounds that are brought to the cells 
from the outside. That these simpler substances are used for net growth by young 
animals and by cancer cells but not by the normal tissues of adult animals is an im- 
portant aspect of the growth problem and is treated in the next section. 


ALTERNATIVE METABOLIC PATHWAYS 


The fact that on an adequate diet a young animal gains weight and an adult does 
not is prima facie evidence that the nutrients are used in different ways in the two 
instances. The more subtle problem is to discover which compounds are of strategic 
importance in guiding the gross changes in metabolism that are necessary for growth 
to occur or to cease. The gross syntheses that must occur in growing cells include the 
formation of proteins and nucleic acids and in these categories the isotopic tracer 
techniques have revealed many new facts about animal metabolism. For instance, 
there is now good evidence that the purine nucleus is synthesized in part from glycine, 
formate and carbon dioxide. It remains to be seen whether these compounds are 
unique as building blocks for the construction of purines in animal cells, and whether 
growth is ever limited by the availability of these substances. That such is the case 
in certain bacteria and that a specific trace substance (folic acid) is needed for the in- 
corporation of formate into the purine ring has been proved by using labeled formate 
in nutrient media with and without folic acid (65). 

Such studies stress the fact that many of the more complex products needed for 
growth arise from combinations of simple compounds that occur in intermediary 
metabolism. Each of these compounds has other pathways open to it and the immedi- 
ate problem is to unravel these multiple coexistent alternative pathways and to dis- 
cover what determines their relative rates. During the past 15 years major advances 
have come in the form of well defined metabolic pathways, namely, the Embden- 
Meyerhof scheme of phosphorylative glycolysis, the Krebs citric acid cycle and the 
Krebs urea cycle. At present there are strong indications that these 3 cycles form a 
supporting framework for a host of other pathways that involve the same metabo- 
lites. The term alternative pathways has been previously used in various connections, 
sometimes to denote alternative schemes of metabolism, viz. phosphorylating glycol- 
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ysis vs. non-phosphorylating glycolysis (39) sometimes in the sense of alternative 
pathways for a given metabolite in different organisms (8) and sometimes in the 
sense that is intended here, namely, as multiple coexistent alternative pathways 
within a given cell (110, 115, 116). The pathways are assumed to carry a fractional 
amount of the total metabolite and might include both catabolic and anabolic types 
of reactions. The shifting balance between the activities and amounts of the respec- 
tive enzymes would then determine the extent of any given process. In higher organ- 
isms, the metabolic pathways are complicated by the superimposed special functions 
of the various differentiated tissues, but the underlying essential metabolism may 
nevertheless be compared with that of microorganisms. 

The purposes of the present review are to emphasize the existence of multiple 
alternative pathways, to summarize the present state of knowledge concerning the 
metabolism of a number of compounds that are noteworthy for the multiple alterna- 
tive pathways open to them in animal tissues, and to relate this information to the 
concept of essential metabolites. An attempt will be made to discuss some of the fac- 
tors involved in the determination of the flow rates of a given substrate along the 
various pathways in different tissues under a variety of physiological conditions, 
although sufficient information is not yet available to treat the subject adequately. 
It is hoped that a summary of the present situation may help to emphasize the neces- 


sity for increased attention to the quantitative evaluation of relative flow rates of 
metabolites under varied conditions. 


VARIATIONS IN MICROBIAL NUTRITIONAL REQUIREMENTS 
Replacement of Growth Factors 


That the nutritional requirements of microorganisms change under altered con- 
ditions became evident as soon as detailed studies with purified culture media were 
attempted. The simplest type of change involves replacement of the growth factor 
by another and is generally referred to as substitution. In table 1 are listed some of the 
substitutions that are possible. The second column gives the name of the replaceable 
factor, while the third and fourth columns give the names of the compounds that will 
either replace or decrease the requirements for the factor. The fifth column gives the 
postulated nature of the effect. In general, when a growth factor (a) can be replaced 
by a compound (6) it is assumed that either (a) is converted to (6) or that (a) is built 
into a catalyst needed for the production of (0) from other substances. When the re- 
quirement for (a) is merely decreased by a compound (c) it is assumed that (a) has 
functions involving other compounds in addition to production of (c). Reference to 
substitutions that involve the replacement of various vitamins by their immediate 
precursors has been omitted since these are available elsewhere (68, 112). 


Antimetabolites 


In the above situations the need for an essential factor could be decreased by 
supplying the compound to which it was converted or the compound whose synthesis 
it catalyzed. In table 2 are listed a number of situations in which the requirement of a 
given essential growth factor is increased by the presence of a specific compound that 
blocks its utilization. Many compounds normally required in small quantities are re- 
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TABLE 1. REPLACEABILITY OF MICROBIAL GROWTH FACTORS BY COMPOUNDS THAT ARE ESSENTIAL 





METABOLITES IN ANIMALS 
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quired in large amounts in the presence of closely related compounds, and the ratio 
of the growth factor to the antagonist frequently determines the extent of utilization. 
This table lists only those antimetabolites that occur normally in intermediate me- 
tabolism, and omits reference to the hundreds of synthetic antimetabolites that have 
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been studied and reviewed elsewhere (128, 129, 175). As in other cases of antimetabo- 
lite action, it is probable that both compounds compete for the same enzyme. 

At present there have been very few studies to show whether or not an antagonist 
is equally effective in blocking various alternative metabolic pathways open to a 


TABLE 2. ANTAGONISM BETWEEN MICROBIAL GROWTH FACTORS THAT ARE ESSENTIAL METABOLITES 




















IN ANIMALS 
ORGANISM | FACTOR ANTAGONIST a 
ne ES Bieta ops Pe a AED 7 
Hemophilus parainfluenzae | Adenine with hypoxanthine | Guanine (62) 
L. arabinosus | Glutamate Aspartate (25) 
E. coli | Phenylalanine Tyrosine (rz) 
Neurospora crassa 1298 | Cytidine and uridine | Adenosine (113) 
Neurospora crassa 4545 | Lysine | Arginine (38) 
S. cerevisiae | Asparagine or aspartate | B-alanine (100) 
B. anthracis ' Valine | Leucine, threonine or a- (45) 
| amino butyric acid, and 
| | vice versa 
‘ | Isoleucine, nor-leucine and | Valine or leucine (45) 
serine 

| Serine | Threonine (and vice versa) (45) 

S. cerevisiae and others Vitamin Bg | Thiamin (136) 
L. arabinosus Glutamate | Aspartate (25) 

" Isoleucine | Leucine, valine, methionine « 
- | Leucine | Isoleucine “ 
. | Valine | 


Isoleucine | 








TABLE 3. MICROBIAL GROWTH REQUIREMENTS ALTERED BY CHANGED CULTURAL CONDITIONS 
































3 
ORGANISM FACTOR CONDITIONS AND EFFECTS a ag 

—_ ee a -_ 
Staphylococcus aureus Uracil Needed anaerobically, not needed | (125) 

| under aerobic conditions 

Staphylococcus hemolyticus | Vitamin Be Requirements decreased by COz (108) 
Adenylic acid | Requirements decreased by CO: (108) 

' 
Neurospora crassa Isolation No. | Uridine Requirements decreased by changing) (96) 

37815 | from 35° to 25°C. 
Neurospora sitophila Mutant No. | Vitamin Bg Requirements eliminated by increas-| (155) 
299 ing pH to greater than 5.8 











given compound but it seems likely that it would not be. In this case, antagonistic 
effects by normally occurring metabolites may have physiological significance in 
regulating metabolism. 


Alteration of Cultural Conditions 


Another type of alteration in growth requirements is illustrated in table 3, in 
which it is shown that some organisms have different requirements depending on 
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whether conditions are aerobic or anaerobic, at one temperature or at another, or 
in the presence or absence of CO». In the latter case the CO, may have a direct effect 
in terms of substitution, as in table 1, but in the other cases it appears that when the 
changed conditions eliminate the need for a given growth factor, they operate to 
make possible an alternative metabolic pathway that leads to the production of the 
factor. 


MULTIPLE ALTERNATIVE PATHWAYS FOR SPECIFIC COMPOUNDS 


Carbohydrate 


Outside of the framework of the Embden-Meyerhof scheme of phosphorylating 
glycolysis there is very little available information regarding alternative pathways 
that are open to the intermediates in glycolysis. The reversibility of every step in the 
sequence that leads to pyruvate is now accepted (76) and a reiteration here of the 
two alternative pathways open to every intermediate in the reversible sequence 
between glycogen and pyruvate would be superfluous in view of the adequate reviews 
already available (75, 173). The authors are not aware of any published studies on 
the conversion of glycolytic intermediates into ribose, glycerol, ascorbic acid or other 
products that might conceivably be formed from intermediates in glycolysis. How- 
ever, a large number of experiments involving conversion of labeled glucose, pyruvate, 
acetate, CO, and fatty acids to glycogen and CO» have been carried out (56). Since 
in these studies the glycolytic intermediates must have all been labeled, the occur- 
rence of side reactions in such reaction mixtures could be readily evaluated by iso- 
lation of the appropriate products. The studies on the distribution of isotopic carbon 
in the glucose from glycogen laid down in the presence of labeled intermediates are 
all consistent with the established pathways of glycolysis and of the Krebs citric acid 
cycle in that the incorporation of any given compound may be interpreted in terms 
of how that compound was converted to pyruvate, the conversion of pyruvate to 
glycogen via a direct pathway that is the reverse of glycolysis, and the alternative 
pathways that are open to pyruvate, which are now considered in detail. 


Pyruvate 


Phosphopyruvate 


Serine 
\ 


Alanine = Pyruvate — Lactate 


Ya | el 
wt, 
Oxalacetate Carboxy-methyl C2 = Acetyl C: 
Malate N | Ny A 
Citrate Acetoacetate 


There are at present 8 different possible pathways known to be open to pyruvate 
as indicated above. In the following discussions it is necessary to recognize that in 
many cases the pathways to a given compound involve intermediates that are not 
yet recognized as such and it is necessary to adopt a nomenclature to facilitate dis- 


1 Only the more recent literature is covered, and the historical development is not discussed. 
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cussion of this situation. The words proximal and distal are used to describe the rela- 
tion of products in relation to the compound that is the point of reference, which is 
called the substrate. A proximal product is one that is formed directly from the sub- 
strate and a distal product is one that is not formed directly from the substrate. It 
must be emphasized that in many cases it is not yet clear whether a product is prox- 
imal or distal, and where the classifications are tentative, the product is shown in the 
chart as proximal. Moreover, in many cases a pathway has only been demonstrated 
in one direction and it is not known whether the reverse reaction occurs. 

A recent study by Topper and Hastings (157) illustrates the extreme reactivity 
of pyruvate in terms of alternative pathways. Pyruvate-2-C™ was converted to gly- 
cogen in rabbit liver slices in vitro and the C™ was located among the 6-glucose car- 
bons in the ratio of 2:3:3:3:3:2. Since it is now well established that carbons 1,2 
and 3 of pyruvate go into carbons 3 and 4, 2 and 5, and 1 and 6 of glucose, respec- 
tively (84), their data required the assumption that the pyruvate-2-C“ was not 
converted to glycogen by the direct route alone since this would have led to the forma- 
tion of glucose labeled only in the 2 and 5 positions. To explain the data it was neces- 
sary to assume that the glucose was synthesized from a mixture of pyruvate-3-C%, 
pyruvate-2-C and pyruvate-1-C" in a ratio of 2:3:3. To account for the pyruvate- 
3-C™ it was assumed that an equilibrium was set up between pyruvate, CO, and 
fumarate. It was further assumed that 4 of the original pyruvate was converted to 
CQ, which was fixed and converted to pyruvate-1-C™. A more direct pathway to the 
latter compound would be the conversion of pyruvate-2-C™ to oxalacetate-1, 4-C™ 
via a C;-fragment and citrate. Regardless of the exact mechanism of the conversions, 
the data clearly show that the original pyruvate must have pursued at least 3 of the 
pathways shown, and it may be noted that the occurrence of the others would not be 
reflected by the C* distribution in glucose. 

The conversion of pyruvate to lactate occurs vigorously in fortified homogenates 
of various tissues under anaerobic conditions in the reaction mixtures described by 
LePage (79, 80) and Stoesz and LePage (153). Normal rat liver, kidney, diaphragm, 
skeletal muscle and heart yielded Qhactic acia Values of 78, 98, 163, 112 and 119, respec- 
tively, while normal brain and several transplantable tumors had values similar to 
that of liver. Only the brain and tumor homogenates were able to yield a net ester- 
ification of inorganic phosphate under these conditions. Although designed for other 
purposes these experiments provide data on the minimal rates for this pathway in 
these tissues since fluoride was used to block pyruvate formation, and in the absence 
of added pyruvate almost no lactate formation occurred. The lactate production was 
determined by chemical analysis. Few other data bear as directly on the pyruvate to 
lactate reaction as these studies, but even in this case the potential rate of lactate 
formation may not have been attained. No studies have been made on the competi- 
tion between this pathway and the oxidative pathways in such a reaction mixture. 
Lactic acid-2,3-C' has been administered to phlorhizinized rats (55) and labeled 
glucose and ketone bodies were isolated from the urine. The latter were labeled in all 
4 carbons. 

The conversion of pyruvate to alanine has not been studied extensively. It is likely 
that the 2 compounds are interconvertible and that data on the reverse reaction may 
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be relevant. The conversion of alanine to pyruvate may be inferred from the data of 
Gurin et al. (55) who administered alanine-1-C™ to phlorhizinized rats and obtained 
glucose-3 ,4-C™ in the urine, since the occurrence of the latter implies the formation 
of pyruvate-1-C™. Although 60 to 70 per cent of the alanine was accounted for as 
‘extra’ glucose, only one to 5 per cent of the C™ was in the glucose. More evidence 
for this reaction is given in a study by Greenberg and Winnick (51) who injected 
32 uc. of C™ as acetate-2-C™, acetate-1-C™ or as C“QO, into rats. Bearing in mind that 
the first of these compounds leads to the formation of pyruvate-1,2,3-C"™ and the 
latter 2 each lead to pyruvate-1-C* it is of interest to note that alanine containing 
more C per carbon in 2 and 3 than in carbon 1 was obtained from acetate-2-C™ 
while with the other 2 compounds, the C™ in carbons 2 and 3 was too low to measure. 
The conversion of pyruvate to alanine varied from 50 to 100 per cent of the amount 
of pyruvate converted to aspartate or glutamate and together with arginine accounted 
for from 68 to 99 per cent of the C™ incorporated into protein. The activity of the 
protein was about 300/counts/minute/mg. in comparison with 200,000/counts/ 
minute/mg. in the acetates administered. Serine and glycine were the only additional 
amino acids that were said to contain C“ and in these the activity was only 2 per cent 
of the total in the protein. The data suggest that a minor conversion of pyruvate to 
serine may occur but do not show whether or not a direct conversion occurs. 

The exact nature of the fixation of CO: in pyruvate is somewhat uncertain. 
Utter and Chenoweth (160) found that although labeled CO, could be incorporated 
into oxalacetate, labeled pyruvate incorporation was not concurrent, and it was sug- 
gested that pyruvate is not the immediate precursor of oxalacetate. In these reactions 
oxalacetate was always present initially and it was possible that it served as a pre- 
cursor for an active C; intermediate. Ochoa, Mehler and Kornberg (104) studied an 
enzyme that would convert CO, and pyruvate to malate in the presence of reduced 
triphosphopyridine nucleotide, and although they regarded this system as being pri- 
marily responsible for the CO, fixation observed in numerous earlier studies, they 
did not completely rule out the possibility of a direct pathway to oxalacetate. Ven- 
nesland ef al. reached similar conclusions (161). 

The remaining pathway to be considered is the conversion of pyruvate to an active 
C; fragment. There is still considerable confusion as to the nature of the C, fragment 
but the earlier view (14) that the C. derived from pyruvate did not follow the same 
pathway as acetate must be reconsidered in the light of studies by Crandall and Gurin 
(37) and Crandall et al. (36). These investigators have studied the metabolism of C: 
fragments derived from acetate, pyruvate and fatty acids by determining the distri- 
bution of C™ in acetoacetate produced by washed liver homogenates in the presence 
of labeled precursors with and without non-labeled precursors. When pyruvate- 
2,3-C™ was the substrate, the acetoacetate was labeled to the same extent in all 4 
carbons. When acetate-1-C™ was the substrate, in the presence of non-labeled pyru- 
vate the acetoacetate was labeled in positions 1 and 3 to an equal extent, but the 
distribution was not equal when octanoate was substituted for pyruvate. It was con- 
cluded that there are 2 kinds of C, fragment (which we refer to as acetyl or carboxy- 
methyl, cf. section on Acetate) and that the terminal C: fragment from octanoate 
preferentially forms the acetyl variety, which is convertible to the carboxy-methy] 
variety (—CH:COOH) but not in complete equilibrium with it. The acetyl C: and 
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the carboxy-methyl C, combine to form acetoacetate. They concluded that acetate 
and pyruvate preferentially entered the carboxy-methy] pool or at least were equiva- 
lent in terms of C,-fragment metabolism. They recognized that these results were not 
in harmony with the earlier conclusions of Bloch and Rittenberg (20) and of Anker 
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Fic. 1. KREBS CITRIC ACID CYCLE. Bold-face type indicates the part of the molecule that was 
derived from the C, fragment. 


(4). The former found that alanine was a poor precursor for acetyl groups based on 
incorporation of the latter into cholesterol or their utilization for the acetylation of 
sulfanilamide. Anker (4) found that in rats of his laboratory strain (number of ani- 
mals not specified) pyruvate was a poor precursor of acetyl groups while with rats 
of the Sprague-Dawley strain the conversion appeared to occur. Anker and Raper (s) 
showed that pyruvamide was an active precursor of C2 fragments. 

Although all the data strongly indicate that pyruvate is converted to a C2 frag- 
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ment before condensation with oxalacetate, experiments showed that streptomycin 
inhibited the oxidation of pyruvate and oxalacetate but not the oxidation of acetate, 
and this suggested that pyruvate either condensed directly with oxalacetate or was 
converted to a C; fragment that did not follow the pathway taken by acetate (106, 
159). It seems possible that acetate and pyruvate do not follow a preferential path- 
way to the same C, fragment but that under the conditions studied by Crandall e¢ al. 
(36), in which only 5 to ro per cent of the acetoacetate was derived from acetate, the 
preferential pathway of acetate is not revealed. The results must be interpreted in 
terms not only of the interconversion between the C2 fragments but also of the rates 
of formation and utilization of the C: fragments. 

The oxidation of pyruvate in fortified liver homogenates is an interesting example 
of 2 alternative pathways and their regulation. As Lehninger (78) showed, pyruvate 
is quantitatively converted to acetoacetate when malonate is present and C, dicar- 
boxylic acids are absent, while in the presence of the C, acids, less acetoacetate is 
produced and the pyruvate moves into the Krebs citric acid cycle. Potter and Reck- 
nagel (122) have studied this system further and have found that in homogenates of 
normal rat livers the Krebs cycle pathway is the preferential one by a factor of about 
g to 1 provided that sufficient C, acid is available. It is possible that in various in- 
stances of alternative pathways, the operation of the preferential pathway is con- 
ditional upon the delivery of a second substrate, with less preferred pathways taking 
precedence when the second substrate is not available. In this way profound changes 
in metabolism might be effected with no change in the amounts of the competing 
enzymes. In the study cited, it was found that the addition of ammonium chloride 
to the system caused pyruvate to be converted to acetoacetate by preventing the re- 
cycling of the C, acids. It was suggested that the ammonium chloride diverted the 
course of a-ketoglutarate metabolism, preventing its conversion to the C, acids by 
converting it to a-iminoglutaric acid. 


Acetate and C2 fragments 


Cholesterol Porphyrins 


i 
/ Acetylations 
YS 
Terminal C2 group of fatty acid = Acetyl-C, 
| \ 
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The 2 C; fragments here referred to as acety] (CH;CO—) and carboxy-methyl (—CH:—COOH) 
correspond respectively to the ‘head-activated’ and ‘tail-activated’ fragments of Novelli and 
Lipmann (101) and to the ‘terminal fragment’ and the ‘carboxy] fragment’ of Crandall, et. al. (37). 
The diagram is based on the evidence in favor of a “‘non-random condensation of two species of 
2-carbon intermediates’’ (36, 37). 


The literature on acetate metabolism prior to 1947 has been reviewed by Bloch 
(14). The previous uncertainties as to the meaning of ‘active acetate’ are now much 
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nearer definition as a result of research on coenzyme A. From the results of Stern 
and Ochoa (150), Novelli and Lipmann (101) and of Novelli ef a/. (102) it may be 
concluded that most if not all acetate reactions are mediated by coenzyme A, which 
functions as an acetate acceptor-donor system with various specific enzymes each 
catalyzing a different acetate-donating or -accepting reaction. In other words, active 
acetate appears to be a complex of coenzyme A, enzyme and C, fragment. The de- 
tailed explanation of the occurrence of 2 types of C2 fragments (36, 37) in terms of 
coenzyme-A function is not yet apparent, although the finding of an enzyme (1or1, 
102) that acts as a conversion factor in rendering the several forms of acetate and 
acetyl phosphate equally reactive is highly significant. 

In tracer studies on acetate metabolism via the Krebs cycle, the isotope distribu- 
tion in glycogen and amino acids can be interpreted in terms of the condensation of 
acetate in the form of carboxy-methyl (-CH»-COOH) with oxalacetate to form citrate. 
The results have been clarified by the finding (119) that citrate is formed asym- 
metrically in this reaction as might be expected on the basis of the Ogston (107) con- 
cept. Acetate enters the portion of the citrate molecule that becomes succinate and 
all of the isotope in acetate is believed to enter the succinate molecule. Pardee et al. 
(109) found that rat kidney homogenates converted acetate-1-C™“ in very high 
yield to C“O, under optimum conditions but that in the presence of malonate the 
output of CO, was only one or 2 per cent of the controls. If the acetate had been 
symmetrically distributed in citrate, 50 per cent of the control C“O, output should 
have occurred in the flasks containing malonate. In whole animal experiments Lee 
and Lifson reported that labeled succinate was obtained from the urine of rats given 
acetate-1-C in the presence of malonate (77). At present the conversion of acetate- 
1-C to succinate via citrate takes place without loss of isotope in the form of COs, 
and the subsequent conversion of succinate to pyruvate-1-C™ provides a plausible 
explanation for a number of experiments involving products of pyruvate metabolism. 
By this route, acetate-1-C™ is converted to pyruvate-1-C without the intermediate 
formation and incorporation of C“Os, which had earlier been thought to be necessary 
in the conversion of acetate to glycogen. Direct tests of this proposition by Gould et al. 
(48) and by Lorber e/ al. (go) showed that the explanation involving CO, was un- 
tenable. The latter showed that acetate-1,2-C’ was converted to glycogen with C® 
in all 6 positions, with the concentration greatest in carbons 3 and 4. Lifson et al. (84) 
had shown im vivo that acetate-1-C® yielded glycogen with the isotope in positions 3 
and 4 and similar results were obtained in vitro by Topper and Hastings (157). The 
incorporation of acetate into a-ketoglutaric acid in an asymmetric distribution (164) 
in liver slices is in agreement with the later findings, but the absence of C® from ci- 
trate added to the reaction mixture remains unexplained (165). In these experiments 
permeability may have prevented mixing of the citrate with the metabolic pool, since 
Pardee ef al. (109) obtained evidence that added citrate did mix with endogenous 
citrate in homogenate experiments. 

The incorporation of acetate into amino acids also appears to be entirely secondary 
to the conversion of acetate to citrate. Greenberg and Winnick (51) obtained labeled 
aspartate, glutamate, alanine and arginine following administration of acetate-1-C™ 
or acetate-2-C™ to whole animals. The fact that following acetate-1-C™ administra- 
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tion the glutamic acid had 40 per cent of the C™ in the a-carboxyl indicates that la- 
beled oxalacetate was re-entering the Krebs cycle. The oxalacetate could have arisen 
from fixation of C“O. or could have been derived from labeled acetate via citrate. 

It may be emphasized that there are cases in which the appearance of the isotope 
in pyruvate or oxalacetate following administration of labeled acetate has been 
proved not to be the result of CO, fixation (48, 90). However, CO. may have been an 
intermediate between acetate and arginine. Rittenberg and Bloch (126) have also 
reported incorporation of acetate-1-C™ into glutamic and aspartic acids. About 25 
per cent of the C® was in the a-carboxyl of glutamic acid, in comparison with 40 per 
cent found by Greenberg and Winnick and 16 per cent found in the a-carboxyl of a- 
ketoglutaric acid by Weinhouse e¢/ a/. (164). Since the direct reaction sequence acetate 
— asymmetric citrate — a-ketoglutaric— glutamic should theoretically give no iso- 
tope in the a-carboxyl of a-ketoglutaric or glutamic acids, the variable percentages 
reported above must be the result of variable degrees of recycling through oxalacetate, 
since the 8-carboxyl of oxalacetate must become carbon 1 of a-ketoglutarate (119). 
That carbon 1 of acetate cannot become the a-carboxyl of a-ketoglutarate in the 
absence of recycling (viz. in the presence of malonate) may be concluded from the 
results of Pardee et al. (109) in which no labeled CO, was obtained from acetate-1-C" 
in the presence of malonate. 

Up to this point we have considered only those reactions of acetate that are 
secondary to its conversion to citrate. In addition to this pathway and in competition 
with it are a number of other alternatives as indicated in the diagram. 

The formation of acetoacetate appears to be a prominent feature of liver me- 
tabolism and may represent one facet of the function of the liver in providing fuel 
for other tissues. The extensive publications by Weinhouse ef a/. and by Buchanan 
ef al. are not reviewed at this point since they are referred to in the papers by Crandall 
et al. (36, 37), in which evidence is advanced to support the theory of the non-random 
condensation of non-identical C2 fragments. In these experiments the conclusions are 
based upon the amount of isotope incorporated into the 8 carbon of acetoacetate, 
which occurs in the acetone fraction during the degradation, relative to the isotope 
in the carboxyl carbon, which is converted to CO, in the degradation. This figure is 
referred to as the C*O:C*OOH ratio. If acetoacetate were formed by the random 
condensation of identical, labeled, C2 fragments, this ratio would always be 1.0 but 
the authors have referred to studies in the literature in which values as low as 0.66 
were obtained, and by using various combinations of labeled and non-labeled sub- 
strates they obtained values ranging from 0.47 to 3.3 in fortified washed homogenates 
of rat liver. 

That the theory is applicable to im vivo conditions is shown by a most interesting 
study of Lorber et a/. (89) in which octanoate-1-C¥-7-C“ was administered to a rat 
and the liver glycogen was studied. It was found that the isotopes were concentrated 
in carbons 3 and 4 as would be expected for C, fragments labeled in position 1 but 
the ratio of C to C“ was 0.76 instead of 1.0 indicating that the carbon 7 of octanoate 
did not enter citrate at the same rate as did the carbon 1. This finding was thus in 
harmony with the concept that the terminal C: fragment of octanoate was converted 
to a C2 fragment (acetyl C2) not identical with the C, fragment derived from carbons 
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1 and 2 of octanoate. The 2 species of C: fragments must be interconvertible but not 
in perfect equilibrium. It seems likely that the C2 ‘pools’ in each case are no larger 
than the amount of C; in combination with coenzyme A at any moment. 

That acetate can be converted to faily acids was shown by a number of early 
studies referred to by Bloch (14). Later work by Bloch and Kramer (18) emphasized 
the interplay of factors affecting the extent of the conversion in terms of alternative 
pathways. When acetate-1-C™ was incubated with rat liver slices, the incorporation 
into fatty acids was increased several fold by the addition of pyruvate and to some 
extent by glucose or oxalacetate. Insulin approximately doubled the extent of in- 
corporation when pyruvate was present but had essentially no effect when pyruvate 
was replaced by glucose. In these experiments only o.1 to 0.3 per cent of the added 
acetate was converted to fatty acid and the output of C“O2 was not reported. Cher- 
nick et al. (35) added acetate-1 , 2-C™ to liver slices and to rat aortas and obtained 5.2 
and 0.56 per cent respectively of the added acetate in the form of fatty acids after a 
3-hour incubation. Anker (4) fed acetate-1-C¥ and C" to growing rats for 3 days and 
found incorporation into both saturated and unsaturated fatty acids in liver and in 
carcass. 

That the C; fragments are key intermediates in metabolism is further shown by 
studies on the conversion of carbonate C™ (135), of glucose-C™ (92) and of pyruvate- 
2-C™ but not pyruvate-1-C™ (4) into fatty acids. Chaikoff et al. (33) have shown that 
palmitic acid-6-C™ was convertible to glucose and Lifson et a/. (84) have determined 
the distribution of C“ in glucose following administration of labeled acetates and 
butyrates. Since in all cases the conversion of Cz to pyruvate must be accompanied 
by the disappearance of pyruvate from another source it is clear why no net con- 
version of acetate to glucose can be found. Bloch (14) has reviewed the evidence that 
acetate is incorporated into porphyrin, and further studies have been carried out by 
Shemin (138) using C-labeled acetate. 

One of the reactions of acetate involves the acetylation of aromatic amines such 
as sulfanilamide, p-aminobenzoic and 7-phenyl-a-aminobutyric acid, and the acetyla- 
tion of choline to acetylcholine (85). It appears that coenzyme A is necessary for both 
types of acetylations (86) and the studies by Novelli e¢ al. (102) indicate that the 
various acetylation reactions may have a considerable degree of enzyme specificity. 
In a recent review on fluoroacetate (34) it was stated that the acetylation of sulfanila- 
mide and of p-aminobenzoic acid by rabbit liver slices and by rats and rabbits in vivo 
was increased in the presence of the inhibitor and that during the period of protection 
following a sub-lethal dose the ability of the rat to acetylate p-aminobenzoic acid was 
increased. These effects may be related to the block in the citric acid cycle that is 
produced by fluoroacetate (32, 118) and suggest that by blocking the utilization of the 
C; fragments via the Krebs cycle they are made more available for the acetylation 
reactions. 
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There are at present only 5 known reactions by which CO: can be incorporated 
into organic molecules in animal tissues. In the conversion of ornithine to citrulline 
one molecule of CO, is taken up and it has been shown by Grisolia and Cohen (53) 
that the specific activity of the citrulline formed in washed liver homogenates was al- 
most exactly the same as that of the C“O, added, and the citrulline was converted to 
urea with the same specific activity. 

The reaction between CO, and pyruvate has been discussed in connection with 
the latter compound, but it may be noted here that the reaction appears to be much 
more vigorous in pigeon liver than in any other tissue studied (149). The reaction 
between CO, and a-ketoglutarate to form oxalosuccinic acid has been studied in de- 
tail by Ochoa et al. (94, 103, 105). Unlike the reaction with pyruvate, which places 
labeled CO, in dozens of distal products the reaction of labeled CO, with a-keto- 
glutarate has only 2 distal products, isocitric acid and citric acids, since incorporation 
of labeled CO, into these compounds does not lead to the labeling of any other com- 
pounds at present known. 

Labeled CO; can be incorporated into both pyrimidines (59) and purines (see 
below) but at present there are no indications as to the exact mechanism of the syn- 
theses. 


Other carbohydrate intermediates 


Side reactions in which other carbohydrate intermediates may participate are at 
present largely limited to a-ketoglutarate and oxalacetate, and little new information 
is available (71). Krebs, Eggleston and Hems (72) have shown that a-ketoglutarate is 
vigorously converted to glutamate in liver slices and homogenates in the presence of 
NH,Cl and hydrogen donors, while kidney and brain are less active. Potter and Reck- 
nagel (122) found that in the presence of NH,C! the formation of succinate was made 
so ineffective that pyruvate could no longer be oxidized via the Krebs cycle. 
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The conversion of acetate into glycine in the rat has been demonstrated by Arn- 
stein and Neuberger (6). They fed acetate-1-C™ to rats, and isolated L-a-acetamide- 
y-phenylbutyric acid, hippuric acid, and dixanthydryl urea. The hippuric acid was 
degraded with ninhydrin, and the formaldehyde was free of radioactivity, whereas 
the barium carbonate derived from the carboxyl group of the glycine contained all 
of the isotope. When acetate-2-C™ was fed, there was 1.4 times as much C* in the 
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formaldehyde as in the barium carbonate indicating that acetate is not directly con- 
verted into glycine. In addition the specific activity of the hippuric acid was about 
zo that of the acetylated amino acid, indicating either that the glycine pool of the 
body is about ro times as large as the acetate pool or that the rates of flow along the 
2 pathways are quite different. Thus, the conversion of acetate into glycine presum- 
ably takes place via the tricarboxylic acid cycle, to pyruvate, and then to serine. 

The reverse of this reaction, namely, the conversion of glycine into acetate has 
been demonstrated by Sprinson (146), who isolated acetylaminophenylbutyric acid 
and aspartic acid following the administration of glycine-2-C™ to a rat. The acetate 
obtained from the acetylated amino acid was decarboxylated, and an equal distribu- 
tion of C“ in both carbons of the acetate was observed. The aspartic acid was also 
degraded, and it was found that carbons 2 and 3 had a specific activity 2.5 times that 
of the carboxyls. Two possible mechanisms have been proposed to explain these re- 
sults. The first involves the degradation of glycine to formate and the combination 
of the formate with glycine to yield 2, 3-labeled serine. This would then be converted 
to pyruvate, which would be the precursor of acetic and oxalacetic acids. The other 
mechanism postulates the condensation of glycine with glyoxylic acid to give amino- 
fumaric acid, which would be in equilibrium with aspartic acid. The data at hand do 
not make it possible to decide between these alternative mechanisms. 

The conversion of serine into glycine was first demonstrated by Shemin (137), 
who isolated glycine-N'*-1-C® after the administration of serine-N’*-1-C™ to rats. 
The ratio between the 2 isotopes was the same in the glycine as in the serine, proving 
that the whole molecule is involved in the transformation. At the time it was argued 
that aminomalonic acid could not have been an intermediate, since it is a symmetrical 
molecule, and 3 of the C would have been lost. However, the Ogston concept (see 
p. 497) also applies to this case, and thus aminomalonic acid is not excluded as an 
intermediate compound in the change. 

The conversion of glycine into serine was demonstrated almost simultaneously 
in vitro by Winnick et al. (170) and in vivo by Sakami (131). The former authors iso- 
lated serine by hydrolysis of the radioactive protein obtained on incubation of a rat 
liver homogenate with glycine-2-C™. It was found that 11 per cent of the C™ present 
in the protein was present as glycine, whereas 60 per cent was due to serine. This 
serine was labeled mainly in the 2-position. 

Sakami (131) administered glycine 1-C® and formate-C™ to fasted rats and iso- 
lated the liver glycogen and serine from protein hydrolysates. The glycogen and serine 
were degraded to show the position of the labels, In the serine the C™, derived from 
the formate, was almost entirely in carbon 2, and the C® from the carboxy] of glycine 
was exclusively in the carboxyl group. The distribution in the glycogen revealed that 
the C® was exclusively in carbons 3 and 4, in accord with the previous work of this 
type (see p. 493). The ratio of C™ in the various carbons of the glucose obtained from 
the glycogen was: 3 and 4:2 and 5:1 and 6as 1:1.6:2.4. This distribution is supposed 
to result from the conversion of serine into pyruvate, which is then converted into 
glycogen. The distribution further shows that the pyruvate is in rapid equilibrium 
with the Krebs cycle, and the ratio of activities between carbons 2 and 5 and 1 and 6 
is identical to that observed in vitro by Topper and Hastings (157) (see p. 493). 
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That carbon 2 of glycine itself is a precursor of formate has been shown by the 
in vivo experiments of Sakami (132) and by Siekevitz and Greenberg (142) in liver 
slices. Following administration of glycine-2-C™ to fasted rats, the serine was isolated 
and degraded. The specific activities of carbons 2 and 3 were equivalent, indicating 
that carbon 2 of glycine is a precursor of ‘formate,’ which had previously been shown 
to form carbon 3 of serine. The probable sequence of reactions is glycine, glyoxylic 
acid (124), formate. 

The interconversion between glycine and serine was studied in rat liver slices 
(142), and results similar to those obtained in vivo were found. In addition it was 
shown that the synthesis of serine from glycine takes place both aerobically and ana- 
erobically in the slice, although the formation of formate from glycine goes on more 
extensively under aerobic conditions. It was further demonstrated that in this system 
carbon dioxide is not reduced to formate. One striking difference between the experi- 
ments done i vivo and in vitro, is that in the former case the specific activities of car- 
bons 2 and 3 of the serine derived from glycine-2-C“ were the same, whereas in the 
latter experiments the specific activity of carbon 3 was only 3 that of 2. This suggests 
that in the intact animal, where one would ordinarily expect more dilution, the con- 
version of glycine to formate occurs without dilution prior to the condensation to give 
serine, whereas this is not true for the slice. 

Winnick e¢ al. (171), found that on further purification of the proteins obtained 
on incubation of liver homogenates with glycine, the radioactivity previously found 
in the proteins was more than 50 per cent in the phospholipid fraction, presumably as 
phosphatidyl serine. In vivo experiments by Goldsworthy ef al. (46) showed that 
following administration of labeled glycine the serine and glycine obtained by hydrol- 
ysis of liver protein contained 38 per cent and 45 per cent respectively, of the total 
C* in the protein, indicating almost complete equilibrium between the 2 compounds. 

Zamecnik et al. (176) compared the incorporation of labeled glycine and alanine 
into the proteins of rat liver and hepatoma slices. They found in the case of glycine 
that in one hour the hepatoma slices incorporated 3.3 times as much C* as did the 
control liver slices. 

Bloch and Schoenheimer (21) have shown that when glycine-N* is administered 
to rats there is heavy nitrogen in the urinary creatine. Thus the glycine amino nitro- 
gen is the precursor of the methylated amino nitrogen in creatine, and it is very likely 
that guanido acetic acid is the intermediate. If that is the case, the 2 carbons of gly- 
cine are also involved in the transformation. It has also been shown by Stetten (151) 
that glycine N* is a precursor of aminoethanol nitrogen, since the latter compound 
contained more than 2 times the heavy nitrogen of the other tissue amino acids. 

Glycine has been shown to be an important precursor of purines and their oxi- 
dation products, but the details are considered in the section Product and Precursor 
Relationships. 

That glycine is a building block in the synthesis of porphyrins was first demon- 
strated by Shemin and Rittenberg (140). They administered glycine-N* to rats, 
and found a very appreciable incorporation of heavy nitrogen into the porphyrin ring 
system. Carbon 2 of glycine likewise is incorporated into porphyrin (2, 3), but the 
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carboxyl carbon is lost during the process (52). Shemin (138) has greatly extended 
this work by a study of the position in the porphyrin of labeled carbon derived from 
various precursors. 

The iz vivo incorporation of glycine into glutathione was studied by Waelsch 
and Rittenberg (162). They administered glycine-N to rabbits, and found that the 
N® was more rapidly incorporated into the glutathione than into protein, although 
the absolute guantily of heavy nitrogen in the proteins was higher than in the gluta- 
thione. Furthermore it was found that % of the incorporated nitrogen was present in 
the glycine, and the rest in both other amino acids. Similar amounts of incorporation 
of glycine-N® into glutathione were demonstrated in rat liver slices by Bloch and 
Anker (16). Johnston and Bloch (64) have further succeeded in showing the incor- 
poration of glycine-C™ into glutathione in cell-free pigeon liver extracts, and have 
shown that adenosine triphosphate and aerobic conditions are necessary for the reac- 
tion. In the slice, acetylglycine could be incorporated, whereas in the Waring blen- 
dorate it was not utilized (15). Thus, the acetyl derivative is eliminated as an obliga- 
tory intermediate in this type of peptide bond synthesis. 

Glycine has also been shown to be a precursor of fatty acids in vitro (1) and of 
glycylglycine (43) and protein i vivo (50) and in vitro (169). 


Lysine 


Glutamic acid 


T 


Lysine — a-aminoadipic acid — a-ketoadipic acid — glutaric acid 


| 


Protein 


Very little was known about the metabolism of lysine until the tracer studies of 
Borsook and his group (22, 23). They found that the compound was converted into 
glutaric acid through the above sequence in guinea pig liver homogenates, and that 
it was also incorporated into proteins (24). However, Miller and Bale (95) found no 
evidence for the above conversion in intact dogs, but concluded that glutamic acid 
was produced by some unknown mechanism. 


Proline 


Glutamic acid <—- Glutamic semialdehyde <— Ornithine 


T 


Hydroxypvoline <— Proline — a-keto-d-aminovaleric acid 


The metabolic relationship of proline with ornithine and glutamic were strongly 
indicated by the work of Weil-Malherbe and Krebs (163). Tracer studies by Stetten 
and Schoenheimer (152) showed that labeled proline was converted into labeled 
hydroxyproline, glutamic acid, and ornithine. The intermediates in these transforma- 
tions were later clarified (139), when an intramolecular shift of isotopic nitrogen was 
demonstrated, which indicates that the transformations occur as depicted in the 
chart. 
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Tryptophan 


Skatole Kynurenic acid Alanine + 


T T z Anthranilic acid 
Protein <— Tryptophan — Formylkynurenine — Kynurenine “ 


Nicotinic <— | Quinolinic | <— 3-Hydroxyanthranilic <- Hydroxykynurenine 
acid acid (?) acid | 
Xanthurenic acid 


The complicated picture of the metabolism of tryptophan, which has been 
studied for many years, is only now becoming clear. It has been known for some time 
from feeding experiments (40, 70, 82), that tryptophan is a precursor of skatole, 
kynurenic acid, kynurenine, and xanthurenic acid. 

It has also been inferred from dietary experiments that tryptophan is converted 
into nicotinic acid (73), and soon afterwards an increased excretion of urinary N- 
methylnicotinamide was observed following the administration of tryptophan (130). 
A clearer understanding of these reactions has resulted from the work of Beadle et al. 
(10) with mutant strains of Neurospora. They were able to show that kynurenine is an 
intermediate between tryptophan and nicotinic acid in this organism. Further evi- 
dence as to the sequence of reactions in mammals was obtained (58) by the use of 
tryptophan-8-C™. The kynurenine, kynurenic acid and nicotinic acid were isolated 
following injection of the labeled tryptophan. The kynurenine and kynurenic acid 
were radioactive, and chemical degradation showed that the C“ was present only in 
the carbons 8 and 3, respectively. The nicotinic acid was devoid of radioactivity, 
which was explained by the demonstration by Mitchell and Nyc (97) in Neurospora 
and Mitchell e/ a/. (98) in the rat that 3-hydroxyanthranilic acid is an intermediate. 
It has been questioned as to whether or not tryptophan is actually converted into 
nicotinic acid, but when tryptophan-2-C™ was fed to rats the N-methylnicotinamide 
that was isolated contained C* in the carboxy] group (57), thus proving that the con- 
version does occur. N-formylkynurenine has recently been shown as a result of en- 
zyme studies to be an intermediate in the sequence (93), but the nature of its im- 
mediate precursor is as yet unknown. Henderson (60, 61) has presented evidence 
from feeding and enzymatic experiments that quinolinic acid is the intermediate 
between hydroxyanthranilic acid and nicotinic acid, but as yet there is no general 
agreement on this point. 

Wiss and Hatz (172) have provided evidence that the side-chain is lost as alanine, 
and Sanadi and Greenberg (133) have demonstrated the incorporation of tryptophan 
into proteins 17 vivo. 


Tyrosine 


It has long been recognized that phenylalanine is probably converted into tyro- 
sine, and the classical investigations of Raper (123) have pointed out the interrelation- 
ships among tyrosine, 3,4-dihydroxyphenylalanine (dopa) and melanin. Wolkow, 
many years ago, had evidence for the conversion of tyrosine into homogentisic acid, 
and liver slice experiments (41) showed that homogentisic acid was ketogenic. How- 
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Protein Adrenaline 


T 


Phenylalanine —-——> Tyrosine ———— Dihydroxyphenylalanine 


Protein p-Hydroxyphenylpyruvic Melanin 


Homogentisic acid 


v 


Fumaric acid 
+ 


Acetoacetic acid 


ever, the mechanism of these changes remained obscure until recent work with iso- 
topes. The direct conversions of phenylalanine into tyrosine (99) and phenylalanine 
into adrenaline (54) have been demonstrated, and the pathway of the formation of 
ketone bodies was elucidated in the simultaneous papers by Schepartz and Gurin 
(134), Lerner (83) and Weinhouse and Millington (166). These investigators, all using 
phenylalanine and tyrosine, labeled with C™ in various positions of the ring and side- 
chain, were able to establish that in the conversion of tyrosine into homogentisic acid, 
p-hydroxyphenylpyruvic acid is the probable intermediate, and the side-chain mi- 
grates to an adjacent carbon on the ring without altering the original order of the 
carbon atoms. They showed furthermore, that acetoacetate is formed directly as a 4- 
carbon unit from oxidation of the aromatic ring of homogentisic acid, and that the 


other product is fumaric acid. The incorporation of tyrosine into proteins in vivo 
has also been demonstrated (168). 


Product and Precursor Relationships 
Uric acid and purines 


1 NH——CO 6 


| | 7 
2CO sC—NH\ 8 


| | C—OH 
3 NH Cc nF 





YU 


4 9 


The elegant work of Buchanan, Sonne and Delluva (31, 143, 144) showed that 
among the precursors of the uric acid carbons in intact pigeons were formate for 2 
and 8, carbon dioxide for 6, and the glycine carboxyl for carbon 4. It was simul- 
taneously demonstrated by Shemin and Rittenberg (141) that the glycine nitrogen 
is the precursor of the 7-nitrogen of uric acid in man. Shortly thereafter it was proved 
by Karlsson and Barker (66) that the carbon 2 of glycine becomes carbon 5 in uric 
acid. Thus the glycine molecule is utilized intact for this synthesis. In Karlsson and 
Barker’s experiments, the per cent incorporation of bicarbonate, formate, glycine-1- 
and glycine-2-C™ into each position in the uric acid molecule was studied in pigeons 
under comparable conditions. When the glycine-2-C“ was used, there was a very 
considerable radioactivity in carbons 2 and 8 as well as in 5. On the basis of this ob- 
servation they predicted the conversion of the carbon 2 of glycine into formate. 

In the case of purines and pyrimidines, Heinrich e¢ al. (59) found that in guanine, 
isolated from rat nucleic acid, bicarbonate is a precursor of a non-ureide carbon, and 
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the glycine carboxy] is a precursor of carbon 4. However, when uracil was isolated, 
bicarbonate was a precursor of the ureide carbon, and very little isotope was found 
in the uracil obtained following administration of glycine-1-C™. This together with 
the observation that orotic acid is a precursor of pyrimidines and not purines (7) 
makes it clear that there is a considerably different mechanism in the synthesis of 
these 2 classes of compounds. 

A high incorporation of labeled formate into hypoxanthine in a pigeon liver 
homogenate has been observed by Greenberg (49) and further studies in 7 vivo sys- 
tems should give much new insight into the mechanism of purine synthesis. 

An extensive study of the incorporation of labeled purines and pyrimidines into 
rat nucleic acids has been carried out by Brown and his collaborators, following the 
work of Plentl and Schoenheimer (114) who showed that nitrogen-labeled guanine, 
uracil and thymine, when administered in the diet were not utilized for nucleic acid 
synthesis. Brown et al. found (30) that although guanine was not utilized as a nucleic 
acid precursor in rats, adenine nitrogen was found in nucleic acid guanine as well as 
adenine, and degradation showed that the purine ring remained intact. It was also 
demonstrated that adenine was a precursor of the guanine and adenine in both 
desoxyribose nucleic acid and ribose nucleic acid, and that the purine turnover was 
considerably slower than the phosphorus turnover in the various nucleic acids (29). 
Later studies (12, 44) proved that in the rat, dietary cytosine, hypoxanthine and 
xanthine are also not nucleic acid precursors. It appears that most purines and pyrim- 
idines are not utilized as such for nucleic acid synthesis, and this perhaps suggests 
that precursors of these bases must combine with the pentose before ring-closure to 
the nucleoside takes place. Recently, however, it was shown (28) that in contrast to 
the results with rats, guanine is a precursor of nucleic acid in mice, indicating some 
deep-seated species difference in the mode of nucleic acid synthesis. 


Cholesterol 


The work of Bloch and Rittenberg (19) on the administration of deuteromethy] 
acetic acid to rats showed that in the cholesterol fraction about 13 per cent of the 
hydrogens were derived from acetate, and that propionic acid, butyric acid and suc- 
cinic acids were excluded as intermediates in this process. When CD;C¥OOH was 
fed, there was both deuterium and heavy carbon in the cholesterol (127). This proves 
that both carbons of acetic acid are utilized for the synthesis. Calculations based on 
the dilution obtained indicated that at least } of the carbon in the cholesterol was 
derived from acetate, which was concluded to be the major source of cholesterol 
carbon. Little and Bloch (87) showed that when cholesterol was isolated from experi- 
ments in which acetate-1-C™ was fed, there was more radioactivity in the nucleus 
than in the side-chain, whereas when acetate-2-C™ was given, the distribution was 
more even. When acetate-1-C-2-C™ was given the C¥ to C™ ratio in the cholesterol 
was 1:4, indicating that some decarboxylation occurred during the process. The 
methyl groups of the side-chain isopropyl radical were shown to be derived from the 
carbon 2 of acetate. : 

The in vitro synthesis of cholesterol in rat liver slices has been demonstrated by 
Bloch et al. (17) from deuteromethy] acetic acid-1-C¥. Again, both isotopes were in- 
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corporated, and it was estimated that 8 to 10 wg. of cholesterol were synthesized from 
10 to 100 mg. of acetate. These workers were unable to obtain any cholesterol syn- 
thesis under anaerobic conditions with liver slices or under any conditions with liver 
minces or homogenates. Considerably less synthesis of cholesterol was observed in 
slices of gastrointestinal tract, spleen, kidney or testis. Srere et a/. (147) observed a 
greater incorporation of acetate-1, 2-C™ into cholesterol in slices of beef adrenal cor- 
tex, and they estimated that about 0.3 per cent of the acetate added was converted. 
Bloch (13) has shown that labeled cholesterol is converted into cholic acid and preg- 
nanediol, indicating that cholesterol may be the sterol that is preferentially syn- 
thesized from small precursors, and that other steroids are obtained by the degrada- 
tion of cholesterol. 

The synthesis of cholesterol from acetate-1, 2-C™ in tissues other than the liver 
was studied by Srere ef al. (148). They found that hepatectomized and eviscerated 
rats could synthesize cholesterol, and that synthesis could be observed im vitro in 
kidney, testis, small intestine and skin. The most active tissues were liver and skin 
in the adult rat, and skin and brain in new-born rats. Adult rat brain was incapable 


of cholesterol synthesis, whereas new-born rat brain incorporated 3.5 to 4.2 per cent 
of the added acetate. 


MECHANISMS FOR REGULATING ALTERNATIVE PATHWAYS 


The multiple coexistent alternative metabolic pathways that are open to a num- 
ber of intermediary metabolites must be followed at rates that are adjusted to needs. 
The mechanisms by which the regulation is achieved are still largely unknown but a 
number of factors including genetic and hormonal effects, and the effect of variations 
in concentration of substrates, coenzymes and anti-metabolites, have been listed 
previously (117). When 2 or more alternative pathways are open to a given substrate 
it is frequently found that each of the various reactions involves a second substrate, 
and the availability of the latter appears to be one of the factors that is more likely 
to be subject to rapid alteration. In a study of pyruvate metabolism referred to above 
(122) the availability of oxalacetate determined the proportion of pyruvate that was 
oxidized via the Krebs cycle, in comparison to the amount oxidized to acetoacetate. 

In most cases the occurrence of a reaction is self-limiting in the sense that one 
of the reaction components is used up, but in the case of a cyclic reaction this is not 
the case: the disappearance of oxalacetate in the reaction which forms citrate is fol- 
lowed by its reappearance in a subsequent reaction provided that no alternative reac- 
tions have intervened. By altering the proportions of ammonium chloride and fuma- 
rate in the initial reaction mixture, Potter and Recknagel (122) were able to set up 
systems in which pyruvate metabolism shifted from one pathway to another in a 
predictable manner, as a result of the fact that the ammonium chloride was able to 
draw off a-ketoglutaric acid from the main pathway of the cycle and thereby prevent 
the reappearance of oxalacetate. Another cyclic reaction in which the disappearance 
of a compound in one reaction leads to its formation in another is the Krebs Urea 
Cycle. Gornall and Hunter (47) have tested the effects of ornithine and citrulline over 
a wide range of concentrations and have shown that between o and 20 mg. per 100 ml. 
the Qurea of rat liver slices changes from about 5.0 to a maximum of about 1o. At the 
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lower levels the intermediates acted catalytically, that is the urea formed was greater 
than the amount of the intermediate added, owing to recycling. 

Since various enzyme systems must compete with one another for substrates 
which they have in common, the spatial arrangement of the competing enzymes with 
respect to the source of their common substrate may be a factor in determining the 
extent to which the alternative pathways will be followed. 

The fact that normally occurring metabolites have been shown to interfere with 
the utilization of closely related substrates in numerous instances in the case of micro- 
organisms (table 2) suggests that such phenomena may be of importance in mam- 
malian physiology. 


SIGNIFICANCE OF ALTERNATIVE PATHWAYS 


The chief conclusion that emerges from a consideration of the multiple pathways 
open to the individual compounds is that the fate of a great many metabolites is not 
fixed, but may vary widely in different tissues in the same organism and in the same 
tissue under different circumstances. It is not unreasonable to suppose that in a great 
many pathological conditions, the ultimate site of malfunction may turn out to be a 
single enzymatic reaction, and with the application of isotopic tracer techniques to 
the study of intermediary metabolism it should be possible to localize such metabolic 
defects. 

Neoplastic growth represents an example of an abnormal balance between cat- 
abolic and anabolic enzymes that should be particularly susceptible to such an ap- 
proach. It has been suggested (115, 116), that the increased rate of growth in neo- 
plastic tissue may be due to a relative deficiency of oxidative enzymes. Substrates 
that can be used either as building blocks for essential metabolites in the growth 
process or as fuel may be used to a greater extent in the growth process if the enzymes 
necessary for their combustion are blocked or present in low concentrations. An al- 
ternative hypothesis would be that the appropriate anabolic enzymes were over- 
active, but the 2 hypotheses are not mutually exclusive insofar as the metabolic pat- 
tern of the fully evolved cancer cell is concerned. Studies without tracer techniques 
have indicated that neoplastic tissue is relatively deficient in an enzyme involved 
in the conversion of pyruvate to citrate (118, 120, 121) and further studies with la- 
beled carbohydrate intermediates are in progress. Zamecnik e? al. (176) found that 
glycine and alanine were incorporated into proteins in hepatoma slices much more 
rapidly than in normal liver slices, while LePage and Heidelberger (81) report a 
higher incorporation of glycine into nucleic acid in tumors im vivo than was found in 
liver and thymus. Whether the findings are related to relatively active glycine- 
anabolizing enzymes or to relatively inactive glycine utilization along other pathways 
remains to be seen. 

No attempt is made to review the metabolic effects of the adrenal hormones in 
terms of alternative pathways. The rapid alterations in metabolism that are effected 
by the hormones connected with carbohydrate metabolism and with gluconeogenesis 
strongly suggest that the mechanism of action may involve the blocking of one path- 
way leaving the substrate to proceed via an alternative pathway, but at present the 
data appear insufficient to localize the action of any hormone to a single metabolic 
step (63, 88). 
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Since the isotopic tracer technique has only recently become available as a tool 
that can be used in almost any laboratory concerned with problems in metabolism 
(56) the application of the technique to special metabolic situations is just beginning. 
It seems likely that in the not too distant future there will be available a description 
of the metabolism of nearly every individual metabolite in terms of the alternative 
pathways that it pursues in different organisms, in different tissues, and under a wide 
variety of special situations. With this knowledge may come the ability to influence 
metabolism along specific lines by means of substitution in the case of deficiencies 


and by the use of anti-metabolites and other types of enzyme inhibitors that will 
modify enzyme action. 


We wish to acknowledge the helpful criticism of Drs. H. A. Lardy and E. E. Snell who read the 
manuscript during preparation. 
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7 NLARGEMENT OF THE THYROID GLAND is one of man’s oldest companions. 
h” Mention is made of this condition and its treatment in ancient Egyptian 
medical treatises such as the Ebers’ Papyrus of 1500 B.c., and apparently the 
affliction was also known to the pre-Christian Chinese physicians who were ac- 
customed to treating it empirically with local applications of burnt sponge. Since the 
time of these early authors, innumerable articles have been written concerning this 
disease, and one might almost say that with the appearance of each publication a 
new theory of goiter etiology was advanced. By far the greater number of these 
early suggestions, however, would fall into the category of folklore or Old Wives’ 
Tales. Most of them were the recording of popular superstitions or the result of wild 
cerebral machinations in an attempt to identify the ‘true cause’ of the disease. 

One of the most universal and certainly one of the oldest theories of goiter 
etiology is that thyroid enlargement is the result of certain constituents of diet. 
Barton (7), for instance, stated that the people of goitrous regions of the Alps believed 
the condition was caused by eating a certain type of chestnut (Maron) and that 
other Europeans supposed the disease to be more common among the peasant classes 
because of the coarse and unrefined food they ate. Although medical acceptance of 
the theory has varied at different periods, this concept of a nutritional basis for the 
disease still persists. 

The meaning of nutrition should be more carefully defined in order to set the 
limits of this discussion. In this paper it will be restricted to include only plant or 
animal products, and other dietary factors, including minerals, will be omitted. Thus, 
deficiency of iodine, or excessive ingestion of calcium, arsenic, fluorine etc. will not 
be discussed. Iodine has been proven to play a role of such prime importance in the 
control of thyroid function that numerous reviews of the subject are available. 

It is difficult to find any record of experiments showing the effect of various 
foodstuffs on the thyroid before the turn of the present century. All reports before 
that time were chiefly the passing on of popular local beliefs, as has been indicated. 
Some of the early experimentalists did not employ rigorous scientific procedure, 
however (28, 105), and one is inclined to question both their published results and 
the conclusions derived therefrom in the light of subsequent, more adequately con- 
trolled work. Many of these early investigators were probably unwittingly dealing 
with iodine deficiency in some experiments and their production of goiters might well 
be explained on this basis. 

The early investigations can arbitrarily be divided into four chief divisions: 
1) high protein diet; 2) high fat diet; 3) high carbohydrate diet; 4) vitamin deficiency 
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and excess. Since 1928, most experiments have been concerned with the effect of 
cabbage and related foods, so the greater part of the work of the last 20 years will 
come under the heading of ‘Cabbage Goiter.’ 

It is well to keep in mind in evaluating the results and interpretations of the 
various workers that only in the last few years has the histology of goitrogenesis 
been understood. Many of the early investigators attempted to correlate the ‘colloid 
goiter’ of man with the changes in the thyroid produced in laboratory animals. Thus, 
a flattening of the thyroid epithelium and an increase in the colloid would indicate 
to some workers that goitrous changes had been produced even though the thyroid 
glands had decreased in weight. 

Chiefly through the work of Marine, it is now understood that the first change to 
occur in a thyroid undergoing enlargement is a hyperplasia and hypertrophy of the 
epithelium with a decrease in the amount of stored colloid. As the necessity for in- 
creased thyroid function decreases, either by removal of the goitrogenic stimulus 
or by a compensatory enhanced efficiency of the thyroid cells, the gland reverts to a 
more normal picture. The cell size decreases and the colloid content of the follicles 
increases, although the gland usually remains grossly enlarged. The thyroid may go 
through several cycles of hyperplasia and regression, but it is only in long-standing 
goiters that the typical, large, colloid-filled follicles with a flat epithelium appear. 
These ‘colloid goiters’ have rarely, if ever, been produced experimentally in animals; 
they appear to occur in man chiefly in the endemic type of goiter and they have been 
observed in the dog reared domestically. The thyroid enlargement produced acutely 
in laboratory animals, by whatever means, is characterized by the initial phase of 
the response, i.e. epithelial hyperplasia and increased cell size with diminution or 
disappearance of the colloid. This is brought about by an increased secretion of 
pituitary thyrotrophin, since the thyroid invariably atrophies following hypophy- 
sectomy even though the goitrogenic stimulus is not removed (56, 60, 66). 


‘Marine Cycle’ 


exhaustion atrophy 


i 
Normal — hypertrophy — hyperplasia —+ 
exhaustion atrophy 





7 
L, Colloid goiter —> hypertrophy — hyperplasia a 





“—» Colloid goiter —> --++++>-: 


HIGH PROTEIN DIET 


The earliest reports on experimental dietary goiter came from England and 
Germany. D. C. Watson (111) fed an exclusive diet of raw meat to 3 healthy fowl for 
13 to 16 months and found that their thyroids enlarged eight to ten times. Histo- 
logically there was an increase in follicle size and a flattening of the epithelium. He 
also fed 12 rats for 6 to 28 weeks on raw meat alone and found that, although there 
was a decrease in colloid and the epithelium became more hyperplastic, there were no 
gross thyroid changes. Forsyth (25) was unable to confirm Watson’s results; feeding 
meat to 4 chickens for as long as 2 years produced no increase in thyroid weight or 
histological changes in the gland. 
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C. Watson (108) fed rats on minced beef and water for 6 weeks to 4 months, 
controls being fed on bread, milk and porridge. In 3 of 12 meat-fed rats the thyroids 
seemed larger than the controls. Histologically, 10 of the 12 had evidence of hyper- 
plasia with a loss of colloid. The second generation of meat-fed rats also are said to 
have shown some thyroid hyperplasia (109), although the evidence is unconvincing. 
In neither of these reports were any thyroid weights given. 

In 1909, Marine and Lenhart were consulted regarding an epizootic of ‘carcinoma 
of the thyroid’ which had ravaged a Pennsylvania trout hatchery. They subsequently 
published a series of papers (52-55) on their investigations into the etiology of this 
disease. Instead of the fish having cancer, it was discovered that they were suffering 
only from simple goiter which could be readily prevented by feeding the fry with 
chopped ocean fish. They concluded (54) that the major etiologic factor was over- 
feeding with a “highly abnormal and incomplete diet of hog’s liver and heart.” 

In 1915, Marine (55) could find no difference between fresh and stale hog liver 
when fed to fry for 2 months. He was also unable to detect any significant goitrogenic 
effect on feeding 1- to 6-day-old hog liver to rats for 1 to 3 weeks. Those animals fed 
1- to 3-day-old liver, however, had a “reduction in stainable colloid and an increase 
in cell size.” All others had normal glands. 

Hunt (44), having previously found that thyroid feeding would make mice 
resistant to acetonitrile intoxication, discovered that mice fed on oatmeal and liver 
were more resistant to methyl cyanide than controls fed egg or cracker meal and egg. 
He also reported that the liver-and-oatmeal-fed mice had large, vascular thyroids, 
although no thyroid weights were given. He concluded that this goitrogenic diet 
stimulated the gland to produce more hormone, since the animals had an increased 
acetonitrile resistance. 

In the light of our modern knowledge of thyroid physiology, it is difficult to 
accept Hunt’s hypothesis, which is similar to those of many of his contemporaries. 
With one exception, all goitrogens whose mechanism of action has been investigated 
cause thyroid hypertrophy by diminishing the supply of thyroid hormone available 
to the body. This is accomplished either by reducing the supply of iodine available 
to the thyroid or by interfering with organic binding of the iodide ion which does reach 
the thyroid. An illustration of the former mechanism is the goiter produced by iodine- 
deficiency or prolonged thiocyanate administration, while the latter mechanism is 
exemplified by the action of antithyroid drugs such as thiouracil. The inhibiting 
brake of circulating thyroxin on pituitary thyrotrophin production is thus reduced, 
more thyrotrophin is poured into the blood stream, and the thyroid gland is stimu- 
lated to hypertrophy, hyperplasia and increased function. Usually, the thyroid is 
thus able to make up the deficiency of circulating thyroxin, thyrotrophin production 
will again be inhibited and the organism will return to the euthyroid state but now 
possess a goiter. In no instance, however, will an excess of thyroxin be produced. 

The one known exception to this generalization is thyrotrophin, which will indeed 
cause the development of goiter with concomitant hyperfunction. Since thyroid- 
stimulating substances have not yet been found to occur outside the hypophysis, it is 
most unlikely that any naturally occurring goitrogen will cause thyroid hyperfunction 
per se. It is possible that ingested substances may directly stimulate the pituitary 
to produce thyrotrophin, but such action as yet has not been observed. 
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Fig. 1. HYPOTHESIS OF THE PATHOGENESIS OF SIMPLE GOITER. (a) The normal thyroid- 
pituitary interrelationship. Thyrotrophin stimulates the thyroid to secrete thyroxin which, along 
with stimulating general cellular metabolism, inhibits the further production of pituitary thyrotro- 
phin. There is thus a reciprocal relationship between the circulating levels of thyroxin and thyro- 
trophin, the pituitary acting as a thermostat to control the level of metabolism of the organism 
through its action on the thyroid. (6) If the formation of thyroxin is completely suppressed, as 
under the continued influence of antithyroid compounds, the inhibitory influence of thyroxin on 
thyrotrophin synthesis is removed and a marked augmentation in the thyrotrophic output of the 
hypophysis is produced. (c) This results in hypertrophy and (d) hyperplasia of the thyroid 
which, however, is unable to increase the output of thyroxin since it continues under the inhibitory 
influences initially responsible for the cessation of thyroxin synthesis. The gland will thus continue 
to enlarge until the limits of its growth have been reached, and a hyperplastic, non-functioning goiter 
will result. (e) If, on the other hand, only partial interference with thyroxin synthesis is produced, 
as by moderate iodine deficiency or small concentrations of antithyroid compounds, a different 
sequence of events occurs. The thyroid gland is still able to manufacture a small amount of hormone, 
pituitary inhibition is not completely removed, and thyrotrophin secretion does not reach the levels 
illustrated in b, c andd. (f) Hypertrophy and hyperplasia result in an increased thyroid efficiency 
and the gland is thus able to produce a normal amount of hormone. This results in an increased 
inhibition of thyrotrophin once more and eventually (g) a state is attained in which euthyroid levels 
of circulating thyroxin and thyrotrophin exist in the presence of anenlarged but mot hyperplastic thy- 
roid. The gland is able to manufacture sufficient thyroxin because of its increased number of cells. 
These, however, revert to a normal histologic appearance since the circulating thyrotrophin level has 
been reduced to normal. A balance is maintained only because an increased number of thyroid cells 
are functioning at a subnormal rate. The adjustments illustrated in e, f, and g apparently occur 
so rapidly that no obvious hypothyroidism is ever apparent. (h) The relation between colloid 
goiter and the 2 examples illustrated in d and g is not clear. Perhaps removal of the goitrogenic stim- 
ulus in either type will result in a colloid goiter with low epithelium yet normal function if thyroid 
enlargement has previously existed for many years. It is also possible that repeated cycles of hyper- 
plasia and regression, as in the Marine Cycle, are more likely to result in this type of goiter. The low 
epithelium may represent a final exhaustion of cellular capacity to respond to thyrotrophin in some 


instances. If this were so, the colloid goiter would presumably be associated with obvious hypo- 
thyroidism. 
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Hunt’s suggestion, then, that the increased resistance to acetonitrile in his goitro- 
genic animals indicated increased hormone production is open to serious doubt. In 
the absence of evidence to the contrary and with a large mass of evidence in its 
support, the theory seems safely established that all goitrogens (always excluding 
thyrotrophin) act by producing, at least initially, a relative insufficiency of circulating 
thyroid hormone although the mechanism by which that insufficiency is produced 
may vary. 

It should also be borne in mind that cold will cause enlargement and hyper- 
function of the thyroid. Some of the goiters in the early experiments may have been 
due to keeping the animals at subnormal temperatures in unheated animal houses. 
It is also probable that the thyroid enlargements reported in some instances were 
merely normal glands which seemed large in comparison to those of the ‘control’ 
animals which were fed a poor diet and whose thyroid had undergone ‘starvation 
atrophy.’ 

Bensley (11) found that, although the thyroids of oppossums became quite 
hyperplastic when the animals were kept in captivity, there was no difference in the 
degree of hyperplasia between animals fed a meat and egg diet (high protein) or a 
mixed diet of meat, bread and apples. In attempting to produce goiter in rats, Burget 
(17a) found that those fed a high protein diet, consisting chiefly of fresh liver and 
lean beef, had thyroids averaging about one-third larger than those fed a ‘standard’ 
diet of bread soaked in milk. If young, growing rats were used, however, the thyroid 
sizes were reversed and bread and milk proved more conducive to thyroid enlarge- 
ment. Nevertheless, he concluded that a high protein diet could result in thyroid 
hyperplasia. 

Missiroli (81) reported that dogs which had been fasted for 2 days and then fed 
egg albumen for 12 hours had hyperplastic glands with small follicles. Controls which 
were fed fat had thyroids with low, flat epithelium and a large amount of colloid. 
Tsuji (104a) found that a milk and egg-yolk diet in rats produced hyperplasia of the 
thyroid with small follicles and enlargement of the epithelium. A diet of meat, endive 
and barley was claimed by Tanabe (103) to cause thyroid enlargement which was 
increased by calcium-rich water and inhibited by iodine. An epizootic of poultry 
goiter occurring in 1914 was believed by Marine (57) to have been caused by a diet 
high in protein and fat. 

Remington (85) was searching for a means of improving the growth of rats ona 
low iodine diet consisting chiefly of wheat gluten and yellow corn meal. He found 
that, although both yeast and liver would increase the growth rate of the rats, only 
liver affected the thyroid size. Those animals fed a supplement of 2 per cent liver 
powder had glands 3.7 times normal, compared to a 2.4-fold enlargement for the un- 
supplemented low iodine diet. The goitrogenicity of the two materials was apparently 
correlated to the iodine content, since the liver had 150 p.p.b. of iodine, theoretically 
enough to diminish the size of the glands. The yeast had only 20 p.p.b. of iodine. 
Since the two supplements increased growth about equally, it was concluded that 
better growth alone could not have been responsible. Remington stated, therefore, 
that some ‘positive’ goitrogen must have been contributed by the liver. 

Hou (43) also investigated the goitrogenic potency of liver. He fed groups of 
rats 4 different diets for a period of 3 months. These consisted of 3 per cent dried ox 
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liver, 3 per cent driegl beef, 3 per cent extracted liver or 3 per cent alcoholic extract of 
liver. The diet of dried liver produced quite large goiters, averaging 41.3 mg/100 gm. 
body weight. Alcoholic extraction seemed to remove the active agent, since rats fed 
extracted liver had thyroids weighing only 10.9 mg., while those fed the extract had 
30.1-mg. glands. Dried beef itself, supposedly the control diet, produced thyroids 
averaging 22.8 mg., above the usually accepted normal range. 


TABLE 1. SUMMARY OF EARLY INVESTIGATIONS OF GOITROGENIC DIETS 
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Tsuji milk and egg yolk | Rat 
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1937 Sangin | liver j Rat | 1923 | Glanzman | Aor A&B deficient] Rat (thyroid 
1940 | Hou | liver Rat 
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High Fat Diet | 1924 | Hintzelman | A deficient Rat (thyroid 
atrophy) 
1921 | Mellanby | butterfat Dog 1927 | McCarrison | 60% white flour, less | Rat 
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1923 McCarrison | arachis oil, cod | Tadpole | tables or fruit 
| liver oil, linseed | 1932 Spence 82% white flour Rat 
oil, cocoanut oil, | | 1933 | Sandberg | B deficient Rabbit 
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butter | | 1934 | Marine ef al.| scorbutic Guinea pig 
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1043 | Remington | linseed oil, Crisco Rat (no ef- | 
and | fect) l | 
Harris j j 
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It is possible, therefore, that under certain circumstances high protein diets are 
associated with the development of enlarged thyroid glands. Whether such glands 
are under or overfunctional, and whether the diets contain a positive goitrogen or 
are merely more nutritious, has not been determined, and further studies employing 
newer technics could profitably be undertaken. 


HIGH FAT DIET 


Although St. Lager (go) wrote that the Alpine mountaineers believed goiter was 
caused by eating pork fat, Mellanby and Meéellanby (79) were perhaps the first 
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investigators to produce experimental evidence suggesting that a high fat diet might 
result in thyroid enlargement. They found that butterfat had a rather marked 
goitrogenicity and produced thyroids averaging 2.77 gm. in puppies. When cod liver 
oil was substituted for butterfat, no goiters resulted, the glands averaging 0.586 gm. 
Increasing the fat from 1to to 20 gm. per day resulted in an intensification of the 
thyroid hyperplasia. Confinement to cages produced larger and more hyperplastic 
glands than allowing the animals to roam in the open. Probably the goiters produced 
in these experiments were due chiefly to iodine deficiency which was counteracted by 
iodine contained in the cod liver oil. The fact that caging the animals enhanced the 
thyroid hyperplasia might also be explained by this hypothesis. When the animals 
were allowed outside, they might have had access to sources of iodine other than 
those supplied by the laboratory diet. 

McCarrison (69) found that the growth rate of tadpoles receiving an excess of 
fat in an otherwise adequate diet was greatly delayed. The retardation was at least 
partially due to a decreased food intake. The fats ranged in the following order of 
increasing retardation of growth: arachis oil, cod liver oil, linseed oil, coconut oil, 
oleic acid, lard and butter. Iodine (0.5—1.0 mg/gm. of food) compensated somewhat 
for the slower growth with all except linseed oil and cod liver oil, with which the 
growth rate was further decreased. A normal rate of metamorphosis was maintained 
except for some retardation by oleic acid, arachis oil and cod liver oil. McCarrison 
concluded that certain fats require an iodine intake which is proportional to their 
intake in the food in order to maintain normal metabolism. 

In continuing these experiments with pigeons, it was discovered that excess 
butter or oleic acid may in certain cases cause an increase in the size of a goiter 
caused by dirty cages. Cod liver oil, however, would afford complete protection against 
the goiter produced by unsanitary conditions. Again the underlying mechanism 
may well have been iodine deficiency. 

Marine (57) studied a herd of dairy cattle which had several goitrous and 
cretinous calves. It was felt that a high proportion of cotton seed meal was probably 
a factor in producing this condition. 

Hercus and Aitken (36) were unable to detect any goitrogenic effect from giving 
one cc. of raw linseed oil daily for 7 months to one rabbit. In 1938, Remington (86) 
published a thorough study of this problem. Young rats were divided into a number 
of groups of 10 animals each and fed a low iodine diet. Three of the groups received 
added unsaturated fat (Wesson oil) and 3, saturated fat (Crisco) in quantities of 
from 2.5 to 10 per cent of the diet. Three further groups were given the basal low 
iodine diet but in addition received an added 5 ug. of iodine per day as sodium 
iodide, a quantity estimated to be above the minimal daily requirements. Of these 
last 3 groups, one was fed 10 per cent unsaturated, another to per cent saturated 
fat. All animals on the low iodine diet developed thyroids twice the normal size, no 
difference being observed between those which did or did not receive the added fat. 
Conversely, all animals receiving added iodine had thyroids within the normal range. 
This indicated that any effect which may have been produced by a high fat diet, as 
observed by the Mellanbys and McCarrison, was in all probability due to a con- 
comitant iodine deficiency. 

More recently Remington and Harris (87) observed the effect of a basal diet to 
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which 20 to 30 per cent fat had been added as linseed oil or Crisco. They felt no 
statistical difference existed between the fat-fed and control groups; even at these 
high levels the addition of fat had no effect on thyroid size. 


HIGH CARBOHYDRATE DIET 


Investigations on the effect of a high carbohydrate diet on the thyroid gland 
have been rather limited. Only a few papers are available and no work seems to have 
been done on this problem in the past quarter century. Fordyce (24) fed rats a 
bread-and-milk diet and found that thyroids were more hyperplastic than controls 
fed milk alone, the feeding being continued up to 67 days. No thyroid weights were 
given, and the published photomicrographs show only a mild hyperplasia of the glands 
of the milk-fed rats. Scheppelman (92) found that the thyroid epithelium of cereal-fed 
geese was twice as high as that of carnivorous geese. 

A few years later, Watson (110) stated that rats and mice fed a paste of flour and 
water for 15 days had less colloid and larger cells in the thyroid gland than did control 
animals fed on bread and milk. The diet must have been rather unappetizing, how- 
ever, since the ‘flour-rats’ lost an average of 4 gm., while the controls gained 9 gm. 
So far as the author is aware, this was the last paper to be published showing the 
goitrogenic effect of a high carbohydrate diet. 


VITAMIN DEFICIENCY 


As it gradually became apparent during the first two decades after 1g00 that 
there existed accessory food factors which were essential for a balanced nutrition, 
‘vitamine’ deficiencies began to be held responsible for an unfairly high percentage of 
the world’s medical ills. The possible effect on the thyroid was not neglected! An 
early investigator of deficiency disease, Sir Robert McCarrison, who was also in- 
trigued by the problem of goiter, published one of the first articles on this relation- 
ship (68). In 1920 he found that there seemed to be two types of unbalanced diet 
that affect thyroid size, one causing an increase and the other a decrease. Among the 
dietaries which caused a diminution in the size of the gland were: a) a diet composed 
exclusively of autoclaved, milled rice (‘deficient in vitamins, proteins, fat, salts’); 
b) autoclaved rice and butter (‘deficient in B and C’); c) autoclaved rice, butter and 
onions (‘deficient in B’); d) autoclaved ‘food’ and onion (‘deficient in A and B’); and, 
e) autoclaved food, butter and onion (‘deficient in B’). With all of these diets there 
was a small drop in thyroid weight as expressed in mg/kg. of original body weight. 
If the animal lost weight, as was usually the case, it seems probable that there would 
be a corresponding decrease in the organ weights also; so the use of this particular 
calculation seems somewhat inappropriate. 

The goitrogenic diets include one which is of interest in its relation to a later 
experiment by Marine ef al. This consisted of feeding a scorbutic regimen of crushed 
oats and autoclaved milk to guinea pigs. A truly striking thyroid enlargement was 
produced, the glands weighing 218 mg/kg. as compared to 95 mg/kg. for the controls. 
However, histologic examination showed that the goitrous appearance was mislead- 
ing. Theaugmented size seemed to be entirely accounted for by hemorrhagic infiltration, 
due, no doubt, to capillary damage. 





























October 1950 NUTRITION AND GOITER 521 


A diet of mixed varieties of millet seeds, peas and butter produced thyroids 
averaging 183 mg/kg. in pigeons. If onions were added, the weights were reduced to 
128 mg/kg. Birds fed a control diet of mixed millet seed alone had glands weighing 
only 82 mg/kg. The goitrous changes were believed due to a ‘richness’ of the food. 

McCarrison (70) reported the production of a ‘Graves’ Disease’ type of goiter 
by a diet containing greater than 60 per cent white flour or vitamin-poor carbohydrate 
and 20 per cent or less of protein, with fats and inorganic salts in adequate amounts. 
No green vegetables or fruit were provided. The iodine intake was greater than 0.5 
mg. daily in all instances. No thyroid weights were given, and only a few of the ani- 
mals in each group became ‘goitrous’ (“‘50 to 100 per cent increase over the normal 
thyroid in weight’’). The published photomicrographs are poor, and it is impossible 
to distinguish cellular detail; certainly a diagnosis of ‘Graves’ disease’ would be most 
difficult. 

Stiner (101) also found that vitamin C deficiency in guinea pigs would produce 
hyperplastic, hyperemic thyroids. Funk and Douglas (26) described how experi- 
mental beri-beri in birds would decrease the colloid in the thyroid and cause a necrosis 
of some of the epithelial cells. Korenchevsky (50) reported that an avian deficiency 
of vitamins A or B would produce ‘active’ glands without colloid. Glanzman (27) 
found that in rats, to the contrary, an A or A and B deficiency would produce thyroid 
atrophy with small cells and follicles. Hintzelman (40) also found that vitamin 
A-deficient rats had atrophic thyroids. These last two experiments are consistent 
with the well-known effect of adverse influence in causing thyroid atrophy. 

More recently, Sadhu (89) found that large doses of vitamin A (30,000 1u daily) 
would cause a diminution of the thyroid gland of rats from 6.56 mg/100 gm. body 
weight to 4.74 mg. The adrenals concomitantly increased from 11.9 to 16.7 mg/100 
gm. and the vitamin A-treated animals had a greatly decreased growth rate. He be- 
lieved that vitamin A decreased the secretion of thyrotrophin since the animal’s 
pituitaries were slightly less potent than those of untreated controls when assayed in 
chicks. The data are not convincing, however. Since no statistical analysis was made, 
one is inclined to question the significance of the results. It seems possible that the 
slight decrease of thyroid size may have been due to toxic effects of the massive 
doses of vitamin A employed. Such an interpretation might also explain the de- 
creased growth rate and hypertrophied adrenals. 

Youmans (125) found that 17 to 42 per cent of the patients examined in the 
Vanderbilt Clinic were afflicted with goiter. He postulated that unhygienic conditions 
and, especially, deficient diet might well be a contributory factor since most of these 
people came from poor districts and were known to consume improperly balanced 
meals. 

In 1928-1929 an epidemic of goiter broke out among members of the Red Army 
garrison in Leningrad (1). A group of to soldiers with very large goiters were spared 
from bodily exertions, given sun baths and allowed ample sleep, but given the regular 
diet. A second group of 10 was given cod-liver oil, lemons, yeast, raw milk, and rye 
bread in addition to the usual meals. A third group was given calcium iodide instead 
of the vitamin supplement. A fourth group served as controls, having the usual diet 
and routine military duties. The only changes to be observed concerned the second 
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group, 90 per cent of whom showed complete involution of the goiter in one to 4 
weeks. Further investigations showed the most effective supplements to be cod-liver 
oil and lemons. Endemic goiter was, therefore, attributed to a ‘deficiency of vitamins.’ 

Spence (95) fed 24 rats McCarrison’s vitamin-deficient diet containing 82 per 
cent white flour. Eleven rats died of infection, the remaining 13 being killed after 3 
to 13 months on this diet. No thyroid weights were given, but simple goiters were said 
to be produced in 15 out of 20 glands examined. Eight were ‘slight,’ five were ‘small,’ 
and only two were ‘large’ so that the effect would seem to have been something less 
than marked. This diet was stated to be adequate in iodine, supplied as KI. Spence 
thought the predisposing factors to goiter formation in this experiment were infection 
and dietary insufficiency. 

Sandberg and Holly (g1) fed 5 rabbits a vitamin B-deficient diet of autoclaved 
alfalfa hay and oats. After g weeks all the rabbits had ‘hyperplastic’ thyroids as 
revealed by inspection through a cervical incision. Two animals were then given 5.2 
mg. KI intraperitoneally and 3 were given daily doses of vitamin B as 2 gm. ‘vitavose’ 
or yeast. After 4 weeks, re-examination at another operation showed that the thyroids 
of the iodized rabbits had undergone involution while the glands of the vitamin 
B-treated animals were still hyperplastic although somewhat decreased in size. 
Since it seems highly probable that this diet may have been iodine deficient, the 
involution which followed KI administration, but not yeast, is not surprising. 

Marine and his collaborators (65) in investigating the ‘antigoitrogenic’ effect of 
various foods gave young guinea pigs a scorbutic diet of alfalfa hay and oats. The 
animals were then injected with a thyrotrophic preparation of anterior pituitary. 
Those animals which were given ascorbic acid had thyroids 30 per cent smaller than 
those which were not, the inference being that in vitamin C deficiency there was no 
‘protection’ against goitrous changes. It might be recalled that McCarrison had 
shown that the increased size of the gland in his experiments on scurvy seemed to be 
chiefly due to extravasated blood. 

Spence and Scowen (98) attempted unsuccessfully to confirm Marine’s results. 
They were unable to obtain a reduction in cabbage-induced thyroid hyperplasia in 
rabbits by the administration of up to 50 mg. ascorbic acid daily. These investigators 
were also unable to detect any lessening of the effect of anterior pituitary injections 
on guinea pig thyroids, although up to 50 mg. ascorbic acid were given subcutaneously 
per day. Even guinea pigs maintained in a state of acute scurvy for 22 days showed 
no evidence of thyroid enlargement. 

As mentioned previously, most of this early work was carried out at a time 
when our knowledge of thyroid physiology was quite limited. The rather crude 
techniques then in use and the inability of subsequent investigators to reproduce 
many of the conflicting results reported make it difficult to place much credence in 
the claims for the goitrogenicity of this or that type of diet. A fresh attempt should 
be made using the newer and more accurate methods now available to establish with 
a reasonable degree of certainty the validity of those reports. 


‘CABBAGE GOITER’ 


The first really definite evidence of a goitrogen in food was fortuitously dis- 
covered by Chesney, Clawson, and Webster (19). These investigators noted that a 
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colony of rabbits being maintained for work in experimental syphilis developed truly 
remarkable goiters during their stay in the laboratory. None of the animals had 
thyroid enlargement at the time of purchase. The ‘goitrous’ rabbits had thyroids 
averaging 2.93 gm. as against an average of 0.23 gm. in 644 normal rabbits reported 
by Brown, Pearce, and Van Allen (17). One of them reached the tremendous size of 
43 gm., probably the largest experimental goiter yet reported—a 200-fold increase 
over normal. 

The glands tended to become larger the longer the animals were kept under 
observation, although there were a few rabbits which did not develop goiter even 
after being in the laboratory for over 2 years. The goitrous rabbits seemed quieter 
than normal and a few of them appeared to develop exophthalmos. Heat production 
was 16.6 per cent lower in the goitrous than in the normal animals and those with the 
largest thyroids had the greatest depression of metabolic rate. At autopsy, the thy- 
roids were found to be extremely hyperplastic, with no colloid apparent. The only 
other finding of significance was a slight enlargement of the adrenals which averaged 
1.8 gm. as compared to 1.05 for normal animals. 

If iodine were administered to normal rabbits (as Lugol’s solution) a slight lower- 
ing of the BMR resulted with a gradual return to normal. If, however, iodine were 
administered to the goitrous animals, a profound change would occur. They became 
hyperactive, lost weight, and finally died in extreme emaciation. There was a con- 
comitant decrease in the size of the goiter and an increase in the metabolic rate. In 
other words, a typical picture of ‘Jodbasedow’ appeared. Adenomata were sometimes 
observed in these hyperplastic goiters after involution. 

The circumstances responsible for the production of these glandular enlargements 
did not at first seem apparent. The rabbits had been fed a daily ration of fresh 
cabbage, oats three times weekly, and hay once a week. They never received water to 
drink. Although it was suspected that cabbage might be the etiologic agent, there 
apparently was considerable doubt. 

Webster and Chesney (114) reported a series of investigations ruling out other 
factors which might have been involved. McCarrison (67) had long claimed fecal 
contamination to be goitrogenic, so the above workers placed 16 rabbits in cages 
where scrupulous conditions of cleanliness were observed and 16 controls in the usual 
not-so-clean cages. All animals were fed the cabbage diet and killed at the end of 340 
days. The thyroids from the animals in the clean cages averaged 2.83 gm. and the 
controls 2.70; thus sanitation did not appear to be of etiologic significance. 

It was also believed possible that the absence of drinking water might have 
adversely affected thyroid function. Thirty rabbits were divided into 3 equal groups, 
one group being given fresh, distilled water, one Baltimore City tap water, and the 
third no water. All groups were fed a normal, non-cabbage-containing diet. The 
animals were killed at the end of 125 days; no significant thyroid enlargement was 
found to exist in any of the groups. 

The Baltimore investigators then concluded that cabbage was probably the 
agent responsible for the epizootic in their laboratory. They did find, however, that 
7.5 mg. of iodine per week, per os, would effectively inhibit goiter formation although 
the animals were fed the cabbage diet for 400 days. Control animals which did not 
receive iodine developed the usual thyroid hypertrophy on this diet. They also noted 
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a great variation in the susceptibility of litter mates to cabbage and a marked seasonal 
difference in the response. The glands seemed to grow much larger in winter (119). 

Immediately upon their publication, these reports were enthusiastically received 
by scientists interested in the thyroid. Here, for the first time, was a means of produc- 
ing experimental goiters proportionately as large as those often seen in man. Accounts 
which confirmed and extended the original observations began accumulating from 
investigators in all parts of the world. 

Naturally, the first of these papers were concerned primarily with the effect of 
feeding cabbage. Marine, Baumann and Cipra (58), McCarrison (71-74), McCarrison 
and Madhava (75), McCarrison, Sankaran and Madhava (76), Marine, Baumann, 
Webster and Cipra (64), Bianchi (12), Blum (13-15), and others all found that a 
diet containing a large proportion of this vegetable would produce macroscopic and 
histologic evidence of thyroid hypertrophy and hyperplasia in rabbits. The length 
of the experiments and the composition of the diet varied in the individual researches, 
but cabbage was common to all. As might have been expected, a good deal of variation 
was encountered in the degree of thyroid enlargement produced. Sometimes the 
glands would become as large as those produced by the Baltimore workers, while in 
other instances only a moderate hypertrophy was observed. 

Not all investigators were able to reproduce the ‘cabbage goiter,’ however. 
Spence, who had worked with Marine in New York and had there observed the 
development of hyperplastic thyroids in rabbits fed cabbage, had great difficulty in 
obtaining similar results upon returning to Great Britain. Six rabbits were fed for 295 
days the same ration of cabbage, hay and oats that Chesney’s animals received. Both 
winter and summer English cabbage were used, apparently without effect on the 
thyroid. Steamed summer cabbage from Cornwall also had no effect (97). 

Bianchi (12) divided 14 2450- to 2600-gm. rabbits into 2 groups, with a similar 
number of controls. All experimental animals were fed 250 to 300 gm. of cooked, 
pressed cabbage per day and a portion of oats three times weekly. The control 
animals were fed the “‘usual diet of the institute.”’ The first half of the experiment ran 
from August 1931, to January 1932; the second from January to April 1932. Two 
animals were killed each month, with corresponding controls. There was a slight 
tendency for the cabbage-fed rabbits to have larger thyroids, but the largest gland, 
found in an animal receiving the goitrogenic diet for 5 months, weighed only 62 mg. 
The histologic picture of the cabbage-treated animals was that of ‘‘cuboidal epi- 
thelium with little colloid... .” 

Heyman (38) divided 43 rabbits into 4 groups which were fed, respectively, raw 
winter cabbage, raw spring cabbage, cooked winter cabbage (New York), and acid 
(pH 3.0) cooked cabbage. No macroscopic evidence of goiter was produced in any 
group. In those animals fed raw, spring (Texas) cabbage, however, 4 out of 5 developed 
hyperplastic thyroid changes microscopically. 

Wegelin (121) was unable to detect any goitrogenic properties in Swiss cabbage. 
Local spring and winter varieties did not cause goiter in 10 rabbits fed for 5 to 12 
months. Similarly, Hercus and Aitken (36) reported that the goitrogenicity of New 
Zealand cabbage was very low. In 12 rabbits fed cabbage for several months, these 
investigators were able to obtain a maximum thyroid weight of only 1.2 gm. 
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Within a year after Chesney’s original report, investigations had already spread to 
other members of the cabbage family or Cruciferae. Marine and his co-workers (58) 
found that Brussels sprouts and cauliflower had the same effect as cabbage and that 
this could be enhanced by steaming. Fresh turnip was reported to have no effect, 
but, if steamed, would produce moderate hyperplasia. Kohlrabi (64) was also goitro- 
genic, its activity being increased by washing. 

Blum (13-15) reported an extensive series of investigations on the goitrogenic 
properties of various foods in different species of animals. White cabbage, red cabbage, 
savoy, kohlrabi, cauliflower and a variety of turnip were all found to produce thyroid 
hyperplasia and enlargement in rabbits. Kale feeding, although not increasing the 
thyroid weight, gave rise to some histologic evidence of activity, such as decreased 
colloid and increased epithelial height. Two rabbits fed on soybeans for 2 months had 
thyroids weighing 27.7 and 15.9 mg/1oo gm. One guinea pig developed a 10-fold 
enlargement of its gland when fed on soybeans and a little white cabbage for one 
month. Peas and lentils seemed to be quite goitrogenic in rats. Peas with 15 per cent 
carrots were fed to 2 rats for 2} months and resulted in thyroids weighing 48.6 and 
44.0 mg/100 gm. body weight. Lentils with 10 per cent carrots fed to 2 rats for the 
same length of time produced goiters 40.7 and 58.8 mg/100 gm. body weight. These 
glands had a good deal, although not the normal amount, of colloid. One of 2 rats 
fed peanuts developed a goiter three times the normal size of the gland. Mangel 
(Beta rapa) produced extreme thyroid hypertrophy in one rabbit—348 mg/ 100 gm.— 
but had very little effect in 7 other rabbits maintained on approximately the same 
feeding. 

Blum also found that cabbage was goitrogenic in goats, pigs, sheep and geese, 
giving rise to glands four to six times the normal size. Dogs were more refractory. A 
meat and cabbage diet in these animals did not produce any change in the thyroid, 
and it was only when the meat was gradually taken away and chemically pure, 
iodine-free salt given that some hyperplasia was produced. 

In all of Blum’s experiments the factor of iodine deficiency was not excluded. 
Although he claimed that the iodine content of the various diets he used was ‘more 
than adequate’ to supply the normal requirements, no direct analyses of the food 
used were presented. 

Hercus and Purves (37), although unable to produce goiter by feeding cabbage, 
did not immediately abandon the experiment. Reasoning that, since Marine had 
found the activity of cabbage would be destroyed by drying, the goitrogenic principle 
might well be a glucoside, they turned to the seeds of these plants, long known to 
be rich in glucosides. Cabbage seed, rape seed and steamed black or white mustard 
seed all were found to produce thyroids averaging 22 to 25 mg/100 gm. of body weight 
when fed to rats for 30 days. Since these plants all belong to the genus Brassicae, the 
generic term, ‘Brassica seed-goiter,’ has come into common usage in reference to 
these and similar experiments. 

These same investigators made note of a reported outbreak of congenital goiter 
in the lambs of ewes that had been fed for 2 years on alluvial flats growing English 
grass and clover which was supplemented during the winter with turnips and clover 
hay (42). Lambs from a flock of 300 ewes which had been in the area only one year, 
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but had been fed on the same pasture and received the same supplemental diet did 
not develop goiter, however. The iodine content of the soil was quite low (6 to 15 
parts in 10 million). It was believed that the turnip supplement contained a goitrogen 
which would lead to the development of thyroid hyperplasia if superimposed on a 
state of iodine deficiency. The ewes which had been pastured in that area for only 
one year presumably did not give birth to goitrous young because an insufficient 
length of time had elapsed to develop fully the deficiency state. 

To test this theory, different batches of turnips were fed to rabbits in 1933 and 
1934. Activity was found in only one group, but these rabbits developed thyroids 
during 60 days of turnip-feeding which weighed over one gm. This was activity 
“equal to the most potent cabbage of Chesney and Webster.” 

A further extension of the investigations on Brassica seed was made by Kennedy 
and Purves (46). They found that seeds of ‘Swede’ (rutabaga), rape, soft turnip, 
hard turnip and chou moellier when fed to young rats would produce thyroids three- 
to four-fold larger than the controls, even though the iodine intake was adequate. 
The New Zealand investigators found that, in rats, after the third week the hyper- 





TABLE 2 
THYROID WT. = 
GROUP DIET MG/100 GM. 

| BODY WEIGHT 

‘gee el Rc a | 
I | Fats and vitamins chiefly from 10% olive oil, 5% dried yeast, 6.63 
(control) and 2% cod liver oil. 

II | Cod liver oil and yeast replaced by soya bean (1 gm/rat/day). 17.2 
Ill | Olive oil, yeast, and cod liver oil replaced by 15% unhusked 21.7 

|‘ peanuts. 


1V _Same as III except husked peanuts used. 17.4 


plasia seemed to be at its maximum. Enlargement of the gland progressed quite 
slowly after this, and from the 56th to 224th day of feeding some reaccumulation of 
colloid became apparent, although this was never marked. It was felt that the re- 
appearance of colloid coinciding with the ‘plateaued’ growth rate of the thyroid 
indicated a “physiological equilibrium at an increased body-weight ratio.” 

Todine was found to have a moderate inhibitory effect on the size of the Brassica 
seed goiters. Rats which had been fed a rape seed diet for 19 days and injected with 
1.3 mg. potassium iodide daily had thyroids averaging 22.5 mg/100 gm. body weight, 
as compared with 38.3 mg/100 gm. of body weight for the rape seed-fed control 
not receiving added iodine. If the experiments were continued for 33 to 35 days, the 
ratio was 21.0 mg/10o gm. for the experimental and 38.0 mg/t1o0o gm. for the controls. 
In spite of the partial inhibition of the weight response, iodine administration did not 
greatly modify the histologic picture of the glands. There was still marked hyper- 
trophy and hyperplasia—the only evidence of lessened activity was the presence of 
traces of colloid, while no colloid could be found in the thyroids of the animals which 
had not received iodine. This peculiar action of iodine has been observed a number of 
times since in connection with antithyroid drugs, but the mechanism is still un- 
explained. The phenomenon is discussed in somewhat greater detail below. 














October 1950 NUTRITION AND GOITER 527 


Plants other than the Cruciferae have also been reported to cause the develop- 
ment of goiter. McCarrison (73) fed a well-balanced, vitamin-rich diet to 4 groups of 
young rats. The experiment continued for 91 days under “conditions of scrupulous 
cleanliness.” The diets and thyroid weights are presented in table 2. Soya beans 
and peanuts would thus seem to be fairly potent goitrogens, producing glands around 
three times the size of the controls. Iodine deficiency was not felt to play a role in 
the development of these goiters, since McCarrison had calculated that the potassium 
iodide ingested amounted to 1.7 to 2.0 mg/rat/day. This would be more than 1000 
times the calculated (Remington) minimum daily iodine requirements of the rat. 
Perhaps even larger glands might have been produced with a less excessive iodine 
intake had there been an inhibitory effect of this element on the activity of soya beans 
and peanuts similar to that observed by Kennedy and Purves with rape seed. 

A diet containing 75 per cent unprocessed soya bean flour was also found to 
produce four-fold thyroid enlargement in rats (94). The feedings had to be continued 


TABLE 3. VEGETABLES FOUND TO BE GOITROGENIC IN LABORATORY ANIMALS! 

















FOOD | AUTHOR DATE 
ELSES tae ey. ek A a eee | Chesney, Clawson and Webster 1928 
Brussels sprouts and cauliflower................ | Marine, Bauman and Cipra 1929 
CO Ba cain «hs eka ae awaihess was Stiner | 1933 
I oon co. ys te NS wana aces | McCarrison | 1933 
Turnip and seeds of mustard, rape and cabbage... Hercus and Purves 1936 
ee kn J oatncalioe s dairies dedeel Indina | 1940 
Seeds of rutabaga, chou moellier, soft and hard | | 

RNS Seep abee Sos Seca ak bge'dar ee ks saw Kennedy and Purves 1941 
Kale, mangel, red cabbage, lentils and peas...... Blum 1942 








1 From Astwoop, E. B. Ann. Int. Med, 30: 1087, 1940. 


for 7 weeks in order to obtain the maximal effect. Wilgus e/ al. (123) observed a 
goitrogenic activity of soybean oil meal when fed to chicks. The thyroid enlargement 
was not due to the high protein content of the meal since no goiter was produced if 
the protein were supplied as casein. Iodine would completely inhibit the effect. 

The present author (unpublished) has been unable to detect any antithyroid 
activity in soya beans. Unprocessed soybean meal was fed to young rats for a period 
of 10 days, at the end of which the thyroid weights were determined and their ability 
to accumulate iodine investigated with I'*!. There was no difference between these 
animals and controls fed commercial Purina fox chow in either the size of the thyroids 
or the amount of I" bound. It is felt that the goitrogenicity of a soybean diet probably 
depends on its low iodine content, since recent work indicates (35) that this diet is 
neutralized as easily by the addition of minimal quantities of iodine as is the Steen- 
bock standard low iodine diet. 

In attempting to interpret the results of any experiments on laboratory animals 
with regard to their possible significance in the etiology of simple goiter in man, there 
is possibility for considerable error. It is well known that there may be a marked 
variation in the response to a given goitrogen in different species. For instance, 








528 MONTE A. GREER Volume 30 


propylthiouracil is eleven times more potent than thiouracil in the rat but only three- 
fourths as active in man. The recent availability of adequate quantities of radioactive 
iodine has provided a useful method for thyroid research. Using tracer doses of this 
isotope, it was possible to investigate the antithyroid activity of commonly used 
foods in human subjects (29). The assay technique devised to investigate antithyroid 
compounds (99) was employed. The subjects were given 100 uc. of I"! at g:00 A.M., 
having gone without breakfast, and the subsequent accumulation of radioiodine in 
the thyroid determined by frequent counts with an externally placed Geiger-Mueller 
counter. When the slope of the uptake gradient (counts per second plotted against 
the square root of the time in minutes) had been well established, usually in one to 
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Fig. 2. InnrBiTion OF ["*! upTAKE following a meal of raw rutabaga in man. The figure on the 
left shows the normal accumulation of radioactivity in the thyroid. The figure on the right illustrates 
the complete cessation of uptake following the ingestion of 363 gm. raw rutabaga. The dotted line 
indicates the expected continuation of the slope if no inhibition had occurred. 


2 hours, the subject was given the test mea! and requested to eat to satiety in as 
short a time as possible. The antithyroid activity of the various foodstuffs was then 
determined by the depression of the previously determined slope of the uptake 
gradient. 

By this means, it was indicated that several of the foods tested possessed goitro- 
genic activity in man. Rutabaga (yellow turnip or ‘Swede’) had the highest degree of 
activity. Some evidence of antithyroid action was also found in spinach, white 
turnip, peaches, pears, strawberries and carrots. A questionable effect was also 
found in a few other foods. In the light of subsequent experiments (unpublished) it 
seems possible that the slight effects found in some of these foods may be of little 
significance, but those with a marked inhibition probably indicate true antithyroid 
activity. For rutabaga and turnip, at least, there can be no question, since the active 
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principle of these vegetables has now been isolated and identified as L-5-vinyl-2-thio- 
oxazolidone ( 3, 4) and has been shown to have an activity in man approximately 
that of thiouracil. 

The final decision as to which foods are goitrogenic will depend upon the isolation 
of active compounds from each and upon studies of their antithyroid activities in 


different species of animals. 


PECULIARITIES OF ‘CABBAGE GOITER’ 


Variations in Potency. It was soon apparent that not all batches of cabbage 
were equally goitrogenic. Marine, Baumann and Cipra (58), for example, reported 


TABLE 4. GOITROGENIC EFFECT OF VARIOUS FOODS AS ASSAYED IN MAN BY USE OF RADIOACTIVE 


IODINE (MODIFIED FROM GREER AND ASTWOOD, 29) 








MARKED EFFECT 


——— 

















QUESTIONABLE EFFECT | NO EFFECT 
Rutabaga | Grape | Beefsteak | Banana squash 
Celery | Bonita | Corn 
wee | Green pepper Cheese | Rice 
Turnip | Orange Ice cream | Rye 
Peach | Apricot Lobster Black beans 
ene | Peanut Sardines Lima beans 
Strawberry | Pea Shrimp Onion 
Spinach | String bean Mushrooms Olive 
Comet | Walnut Dates Almond 
Filbert Pineapple Apple 
| Honeydew Broccoli Blackberry 
| Cabbage Cauliflower Loganberry 
Lettuce Mustard Tangerine 
Beet | Radish Banana 
| Oyster | Cucumber | Potato 
Milk | Tomato 
Liver | 
Clam | 
Grapefruit 











that winter cabbage was much more effective than summer cabbage. Webster made 
a study of this seasonal difference, apparently begun while at Johns Hopkins and 
continued after going to New York to work with Marine (116). While in Baltimore, 
he found winter cabbage about twice as active as summer cabbage. Also, the activity 
was higher in 1927 than 1928 or 1929. The average thyroid weights of cabbage-fed 
rabbits killed in the autumn or spring of the 3 years were as follows: 





YEAR | 





AUTUMN SPRING 

gm, gm 
1927 1.19 0.58 
1928 0.80 0.61 
1929 0.76 0.68 
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Experiments performed about the same time by Marine’s group showed that 
winter cabbage imported from Holland (1927 season) had a marked goitrogenicity, 
but when the animals being fed this variety were then given summer cabbage from 
New Jersey a regression of the goiters was induced. The same results were noted in 
1928-1929 with winter New York and Holland cabbage and summer Long Island and 
New Jersey cabbage. 

An experiment was then contrived to determine the exact time of year that this 
apparent change in potency became noticeable. New York State cabbage from 
Rochester and Syracuse was procured at weekly intervals from September 12 to 
December 15, 1929, and fed for 3-week periods to rabbits. The goiter-producing power 
of the plants remained low until November 8, 1929, when an abrupt increase in 
potency occurred. The goitrogenicity then remained constant until January 4, 1930. 
A similar increase in activity had been noted in November, 1928. It was also re- 
marked that the cabbage of 1928-1929 (either imported or domestic) was much more 
goitrogenic than that of 1929-1930. 

The reason for these differences in potency was not immediately apparent. 
Differences in iodine content were apparently not contributory. Although both 
contained the same amount of iodine, cabbage from New York was much more 
goitrogenic than that from South Carolina. Alterations in the weather did not seem 
important either. Meterological data did not show any significant difference between 
1928-1929 and 1929-1930. It was found, however, that the quantity of reducing 
substances, as measured by the amount of iodine absorbed, was inversely proportional 
to the goitrogenicity of the cabbage. 

The following year Webster (117, 118) reported that ultraviolet irradiation 
would increase the activity of cabbage. He spread finely divided cabbage in layers 
one to 2 cm. thick and irradiated it with a carbon arc (wave length 3500-4000 A) 
for 20 minutes at a distance of 50 cm. This irradiated cabbage was ‘much more 
goitrogenic’ when fed to rabbits than the same cabbage non-irradiated. This observa- 
tion would not seem to explain the seasonal influence, however. The enhanced potency 
of the vegetable was noted as beginning in late autumn, a time usually associated 
with more frequent storms and cloudiness and shorter days. Thus, one would expect 
the cabbage to receive less ultraviolet irradiation at the time when its potency was 
increasing. 

Westra and Hunter (122) were unable to confirm Webster’s results. Non-goitro- 
genic cabbage did not become goitrogenic even after ultraviolet irradiation for 120 
minutes. This cabbage was fed to rabbits for a total of 18 weeks. Bianchi (12) had 
similar difficulty. He fed 3 rabbits daily with ordinary cabbage and 3 with cabbage 
that had been irradiated according to Webster’s method. In neither group was 
macroscopic evidence of goiter produced although the animals had some evidence of 
thyroid hyperplasia histologically. It was felt that the glands from the irradiated, 
cabbage-fed animals were perhaps slightly more hyperplastic than those from the 
fresh cabbage-fed, but that any difference was minimal. 

McCarrison (75) brought forth evidence for a different explanation of the 
seasonal variation. He fed rabbits fresh cabbage and water for 56 days during different 
months of the year. The potency of the plants was found to be greatest during and 
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after the rains and practically nil during the dry season. The mean thyroid weights in 
mg/100 gm. body weight and the total rainfall for the various periods are given in 
table 5. 

Spence and his co-workers (97) in England reported similar findings. Cabbage 
which had earlier produced thyroid hyperplasia in rabbits, when obtained from the 
same source in late summer after a period of considerable drought, proved non- 
goitrogenic. 

The correlation of differences in activity with variations in rainfall would seem ~ 
to be more logical than a correlation with ultraviolet radiation. It is common in the 
United States for more rain to occur in the late fall and winter than during the summer 
months. Even so, just how increased precipitation augments the goitrogenicity of 
cabbage remains unexplained. Perhaps an increase in the moisture of the soil permits 


a greater diffusion into the plants of precursors necessary for synthesis of the active 
principle. 


TABLE 5. EFFECT OF RAINFALL ON GOITROGENIC EFFECT OF CABBAGE FEEDING TO RABBITS (75) 











MONTHS TOTAL RAINFALL THYROID WT. 
(inches) 





November and December 


Pididieu 6s dor dni Cothsakeseseeee 39.5 749 
hs ts aii pachlele nulclohibwabes eeinee wae 1.0 252 
a aoa acne ba cen pens de be duweeees 2.6 100 
ta Soha od ees debab aekhebabenee ones 12.7 224 
Ns sic sald sn nka ke owen baba s Peeeas pees 3-0 157 
EE ESSE EE EE TIRE, 32.5 272 
November and December 





AE Oe Ee OE! RARE Pe es 2 II.5 549 








The ultimate reason for any variation in potency between different batches of 
cabbage or other foodstuffs is a difference in their content of goitrogen. Recently, 
it has been shown (3, 4) that the content of the antithyroid compound, t-5-vinyl-2- 
thiooxazolidone, varies considerably ‘in the seeds of different varieties of the same 
species of Brassicae. For instance, the thiooxazolidone content of 7 varieties of 
rutabaga tested ranged from 0.8 to 8.6 gm/kg. of seed. It has also been found that 
batches of the same variety of seeds procured from different localities may vary 
quite strikingly in their content of this compound. The cause of this variation remains 
unknown, but it is conceivable that differences in rainfall, sunlight, soil etc. might 
be factors. 

Iodine. The effect of iodine on these experimentally produced goiters is a problem 
which has not as yet been satisfactorily resolved. Webster and Chesney (113) origi- 
nally stated that if Lugol’s solution were administered to the goitrous rabbits, the 
animals became hyperactive, lost weight, and finally died in extreme emaciation. 
There was a concomitant decrease in the size of the goiter and an increase in the 
BMR. If, on the other hand, Lugol’s solution were given to normal rabbits, the only 
apparent effect was a slight lowering of the BMR followed by a gradual return to 
normal. Thus, iodine administration to goitrous animals had produced the rabbit 
counterpart of ‘Jodbasedow,’ or iodine thyrotoxicosis, in man (119). 
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So far as the author is aware, the only investigator who has been able to observe 
similar results is Blum (13, 14). A rabbit that had been fed cabbage and oats for 6 
months was then given 25 ug. of iodine daily as KI for a period of one month. During 
this time, the animal lost weight from 3200 to 2750 gm. The BMR increased from 47 
cal/kg. to 75 cal/kg. Iodine administration was then discontinued and was followed 
by a return of the body weight and the BMR to their former levels. 

This same author described another experiment (14) in which a rabbit had been 
given daily feedings of cabbage, oats and 25 ug. of iodine as Nal for a considerable 
length of time. The animal was then given 50 ug. of iodine daily for 3 weeks, followed 
by 100 wg. for another 3 weeks. Increasing the iodine administration in this fashion 
did not have much effect on body weight or BMR. Iodine administration was then 
discontinued for 6 weeks. During this time the weight climbed from 3050 to 3450 gm. 
and the BMR decreased from around 60 cal/kg. to 40 cal/kg. The subsequent admin- 
istration of 50 wg. of iodine daily for 6 days was accompanied by an increase of the 
BMR to 53 cal/kg. and a decrease of the weight to 3100 gm. The animal was then 
deprived of iodine again for a period of 3 months and its weight returned to the 
previous level. Ten ug. of iodine daily was begun at this time and continued for 10 
days. The BMR increased from 46 to 58 cal/kg. and the weight decreased from 3.47 
to 3.04 kg. 

From the observations on these 2 animals, Blum concluded that the adminis- 
tration of iodine to rabbits with cabbage goiters produces a picture similar to thyro- 
toxicosis. The behavior of the second animal led him to believe that a marked sensi- 
tivity to iodine develops if its administration is withheld for some time. A decrease 
in weight and increase in BMR were observed with only 10 ug. daily after the rabbit 
had received no iodine for 3 months. 

| It is difficult to say just what the significance of the observations in such a small 
experimental series might be. Perhaps the fluctuations might have occurred spontane- 
ously and the administration of iodine fortuitously coincided with periods when the 
weight was decreasing and the BMR increasing. If, as seems likely, the goitrogen in 
cabbage is of the antithyroid series which inhibits the formation of thyroid hormone, 
it is difficult to understand how the administration of inorganic iodine would increase 
the amount of thyroxin in the body. Such action has never been observed in animals 
which have been treated with thiourea derivatives. If, however, there had been a low 
iodine content plus a small amount of antithyroid material in the cabbage, a con- 
dition of hypothyroidism might have resulted which would be overcome by adminis- 
tering small amounts of iodine. The animals’ BMR and weight would then return to 
levels indicating normal rather than hyperactive metabolism. 

On the other hand, it is possible that these goiters might have been produced by 
simple iodine deficiency; or, at least, that iodine deficiency played an important role 
in their development. If such were the case, an increment in the available supply of 
this element might be rapidly utilized by a hyperplastic thyroid gland whose efficiency 
had become greatly augmented, and a flood of this newly synthesized thyroid hormone 
would be released to stimulate the general cellular metabolism. 

However, it has recently been shown that once the iodide level of the serum 
reaches a certain point, organic binding seems to be effectively inhibited (124). 
Moreover, the hyperplastic gland is inhibited at an even lower serum iodide level 
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than the normal gland (100), presumably because of its markedly enhanced ability to 
concentrate iodide ion (106). It must be concluded, then, that in the present state 
of our knowledge it is impossible to explain the apparent thyrotoxicosis produced in 
these animals, and, indeed, the ‘Jodbasedowism’ of man. Perhaps future investigation 
will throw more light on this interesting phenomenon. 

Equally puzzling are the reports on the efficacy of iodine in preventing the 
development of these goiters. Most early workers in this field found that iodine 
would protect rabbits completely from the goitrogenic effects of cabbage or related 
foods. Webster and Chesney (114) fed 2 groups of 8 rabbits each a cabbage ration for 
400 days. One group was given 7.5 mg. of added iodine per week by mouth. At the 
end of the experimental period the thyroids of the iodine-treated animals were of 
normal size, averaging 0.25 gm. The thyroids of the control animals had undergone 
the usual cabbage-hyperplasia, however, and were 1o times as large, averaging 
2.3 gm. 

Bianchi (12), although unable to demonstrate appreciable goitrogenic activity 
in cabbage, did not find that iodine modified the result. It does not seem likely that 
he allowed it an adequate trial, however, since he gave Lugol’s solution mixed with 
cabbage during only the last one to 2 weeks of 3 months’ cabbage feeding. 

As mentioned above, Kennedy and Purves (46) gave 1.0 mg. of iodine as KI 
daily by subcutaneous injection to rats fed a goitrogenic diet of rape seed for 35 days, 
the iodine administration being begun at the same time as the diet. The thyroids 
of animals treated in this fashion averaged 21.0 mg/100 gm. body weight while the 
controls which received only the rape seed diet had glands averaging 37.8 mg/100 
gm. Thus, iodine seemed to inhibit the response of the thyroid to the rape seed 
goitrogen by about 50 per cent. Histologically, the iodine-treated animals also showed 
some tendency to colloid accumulation although the thyroid epithelial hypertrophy 
and hyperplasia were just as marked as in the controls. 

If, however, iodine were given only after the full goitrous development with rape 
seed had occurred, it seemed to have no effect on the thyroid. In this experiment, 
rats were kept on the goitrogenic diet for 31 days and were treated thereafter with 
amounts of iodine varying from 10 to 1000 yg. daily for 16 days. The authors did not 
make clear whether they continued to feed rape seed during the 16 days of iodine 
administration. If, as seems indicated, they did not, one might perhaps expect that 
the involutional changes which would occur upon cessation of the goitrogen feedings 
would not be appreciably hastened by the concomitant administration of iodine. 
Regression from the hyperplastic state might be occurring at the maximal rate and 
could not be hastened by other factors. 

If one turns to reports of the effect of iodine on the hyperplasia produced by 
other goitrogenous foods, similar confusion is found to exist. As has been mentioned 
previously, McCarrison (73) found that thyroids three times the size of the controls 
could be produced by feeding one gm. of soy beans per day to young rats. This was 
accomplished even though eachanimal ingested 1.7 to 2.0 mg. of KI daily. If inhibition 
similar to that observed by Kennedy and Purves with rape seed had occurred, iodine 
dosage more closely approximating the physiologic range might have resulted in. 
thyroids five to six times the control weight. 

Sharpless, Pearsons, and Prato (94), in contrast, found that iodine would com- 
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pletely abolish the goitrogenic effect of soy beans. They did report, however, that the 
minimum iodine requirement—the least amount necessary to prevent thyroid hyper- 
plasia—was increased to 50 ug/100 calories of food. This is twice the normal require- 
ment. Wilgus e¢ al. (123) also stated that iodine would abolish the thyroid-stimulat- 
ing effect of soy beans. Recently, it has been found (35) that supplying the minimal 
daily iodine requirements to rats will completely inhibit the goitrogenicity of soy 
beans. 

It is now known that the seeds of most Brassicae, including rape seed, contain 
an antithyroid compound of the thionamide series. If soy beans contain a similar 
goitrogenic group, the action of iodine in inhibiting the thyroid hyperplasia produced 
by these foods might be the same as its more extensively investigated action with 
known antithyroid compounds. It has been shown by several investigators that the 
simultaneous administration of iodine in sufficient quantities will decrease by one- 
half to one-third the size of the goiter produced by thiouracil or related compounds. 
This figure agrees very well with that obtained by Kennedy and Purves (46) with 
rape seed. 

The mechanism by which iodine produces its bizarre partial inhibition of goitro- 
genesis is as yet unknown. Further elucidation of this phenomenon is expectantly 
awaited. 

Vegetable Antigoitrogens. One of the peculiar features of the history of cabbage 
goiter was the desire of early workers to explain their inability to produce goiter in 
certain experiments. This trend seems to have been initiated by Marine (58), who 
mentioned giving hexuronic (ascorbic) acid to assay its efficacy as a goitrogen. No 
thyroid enlargement was produced, however. On the contrary, it was felt that the 
gland had been involuted, indicating that ascorbic acid was instead an ‘antigoitrogen.’ 
Just how the ‘involution’ of the gland was determined was not described. 

This discovery spurred the New York investigators to further effort, and the 
following year a report (59) was issued on the occurrence of antigoitrogenic substances 
in plant juices. The antigoitrogenic activity was found to cerrespond roughly to the 
amount of reducing substance present, as determined by iodometric titration. Skunk 
cabbage juice, alfalfa and lawn grass were found to be particularly potent in their 
ability to produce thyroid involution. The explanation of this property was: “Plant 
juices prevent or cure thyroid hyperplasia by providing another mechanism for 
promoting tissue oxidations.” This would compensate for the action of the cabbage 
goitrogen which supposedly acted by inhibiting essential oxidation-reduction systems, 
requiring the body to produce more thyroid hormone to maintain a normal level of 
metabolism. 

In a further note (64) it was reported that fresh alfalfa produced thyroid involu- 
tion while old alfalfa did not. Steamed skunk cabbage had the strongest involuting 
effect with the exception of inorganic iodine. This plant had a high iodine content 
(1.8-1.2 mg/kg. dried) but the authors felt this did not explain why the involuting 
potency was proportional to the ‘iodine-absorbing material’ rather than to the iodine 
content. It was also found that an alcoholic extract of cabbage (containing iodine 
from the cabbage) would produce thyroid involution, as would also a decomposed 
lead precipitate of cabbage juice (which contained no iodine). Keeping cabbage cake 
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exposed to the open air sometimes increased its potency, supposedly by destroying 
the reducing substances present. It was thought that glutathione might be the anti- 
goitrous agent responsible, but 200 mg. of this compound injected intraperitoneally 
into rabbits three times weekly for one month had no effect on the thyroid. 

Other investigators soon made similar reports. McCarrison (71) found that 
carrots, legume and fresh-cut green grass possessed some antigoitrogenic properties. 
Spence, Walker and Scowen (97) reported that rabbits fed for 21 days on cabbage 
and oats developed thyroid enlargement. The subsequent addition of hay for 21 
days produced involution in these same animals. This was believed to indicate anti- 
goitrogenic properties in the hay, but the methods used (examining the thyroid 
grossly through a cervical incision) leave much to be desired. 

Blum (14), contrary to Spence, found that oats was antigoitrogenic. He fed 2 
rabbits white cabbage for 4 months. One of these received 20 gm. of oats/day, the 
other 30 gm/day. At the end of the experimental period they were killed and the 
thyroids weighed. The animal receiving the daily supplement of 20 gm. of oats had a 
goiter weighing 133 mg/100 gm. body weight. The thyroid of the rabbit receiving the 
30-gm. supplement weighed 87 mg/r1oo gm. Both had thyroids ten times or more the 
normal size; and, since the individual response to cabbage is known to vary markedly, 
it seems hazardous to give oats the stigma of ‘antigoitrogen’ from such data. 

More recently Wagner-Jauregg and Huter (107) reported that feeding 80 gm. 
wheat flour daily to rabbits would inhibit the thyroid enlargement caused by feeding 
sinalbin and myrosin, although if the rabbits were fed with wheat flour alone, a 
‘histological hyperplasia’ without macroscopic evidence of goiter would ensue. Their 
conclusions were that wheat flour was antigoitrogenic to the ‘pflanzliche Kropfnoxe’ 
although somewhat goitrogenic when fed alone. 

As mentioned previously, Marine apparently desired to find a rdle for the 
recently-identified ascorbic acid, since cabbage had been found to have a high vitamin 
C content. Marine, Baumann and Rosen (65) gave young guinea pigs a scorbutic diet 
of alfalfa hay and oats. A control group on the same diet was given adequate vitamin 
C. Both groups were then injected with a thyrotrophic preparation of anterior 
pituitary and the guinea pigs which had been given ascorbic acid supplement were 
found at the end of the injection period to have thyroids 30 per cent smaller than 
those which had not. Spence and Scowen (98), however, were unable to confirm 
these findings. 

The whole subject of antigoitrogens seems quite confused, and the experiments 
showing that one or another substance prevents thyroid hyperplasia on the whole do 
not seem to have been too well carried out. As an example, it might be mentioned 
that Wegelin (121), although unable to produce goiter in rabbits by feeding cabbage, 
did find that rabbits developed a marked hyperplasia while being fed only hay and 
oats—both supposedly antigoitrogenic according to Marine! The thyroid weights 
were 0.5 to 0.6 gm.—not huge, but twice the average size. At the present time, the 
author is inclined to feel that the ‘antigoitrogenicity’ of any substance (always 
excepting iodine) has yet to be proven. 

It is possible that a thyroxin-like compound might be present in these plants to 
account for any antigoitrogenicity observed. Such material would act by suppressing 
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pituitary thyrotrophin and thus preventing the hyperplasia to be expected from 
ingesting cabbage and related foods. This seems highly unlikely, however, in the 
absence of conclusive evidence that any natural antigoitrogen exists. 


MECHANISM OF ACTION OF GOITROGEN 


Although speculation began immediately as to just how these ‘plant-noxa’ 
might act to produce thyroid enlargement, it was not until quite recently that the 
question was settled. Knowledge of thyroid physiology was in a more unenlightened 
state when Chesney, Clawson and Webster (19) published their remarkable discovery 
than at the present time. A bitter battle was still raging in 1928 between the pro- 
tagonists and antagonists of the iodine-deficiency theory, so it is not surprising that 
some misconceptions may have existed among the investigators of that day. 

Marine, who understood the workings of the thyroid better than most, suggested 
(58) that the goitrogen exhausted the thyroxin in the thyroid, which in turn led to 
thyroid hyperplasia. The immediate cause for the development of the goiter, he felt, 
was a relative lack of iodine. Actually, this is an amazingly close approximation of the 
actual sequence of events as they have since been worked out. It is indeed'unfortunate 
that Marine did not develop his hypothesis beyond this stage. The site of action of 
the active substance was not definitely decided, but it was believed that certain 
oxidation-reduction systems were poisoned and that this created a demand for 
greater hormone production by the thyroid. (This stand was also taken by Webster 
and Chesney (114), who gave full credit to Marine for having first propounded the 
idea.) Supposedly the enzyme systems poisoned were distributed diffusely throughout 
the entire body. This, too, is a remarkable harbinger of the generally accepted view 
today, although it is now felt that the systems affected are confined to the thyroid. 

Although it had been shown previously by Webster and Chesney (114) that 
iodine would prevent the development of these goiters, it remained for McCarrison 
(71), to demonstrate that thyroxin feeding, in amounts adequate to satisfy the daily 
requirements, would also inhibit goitrogenesis. This was further evidence that the 
underlying pathogenesis might be a deficiency of thyroid hormone. 

Bianchi (72) had an interesting hypothesis. He noted that the thyroids of his 
colony of rabbits tended to be more hyperplastic during the winter and to revert to 
the resting state during the summer. Since cabbage-feeding also produced mild hyper- 
plastic changes in these glands, he postulated that cabbage hastened the summer-to- 
winter change and delayed the winter-to-summer change. Just how the seasons were 
manipulated was not discussed. 

Levine and Remington (49) turned to the ancient belief that excessive lime in the 
soil or drinking water gives rise to goiter. Although admitting that the role of calcium 
needed further investigation, they cited as evidence several papers which purported to 
show that feeding cabbage raised the level of the serum calcium. The data on which 
these statements are based are meager. Culhane (21) was the first to report this 
phenomenon. Using 5 rabbits, she found that after feeding with cabbage for 2 hours 
the serum calcium rose approximately 1.2 mg. immediately following the meal and 
then fell to normal levels. This did not happen in 2 non-cabbage-fed controls. Kap- 
sinow and Underhill (45), on the other hand, using 23 rabbits were unable to obtain 
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any consistent effect on the serum calcium, either by a single daily feeding of cabbage 
or by chronic feeding experiments lasting 6 to 10 days. Culhane (22) countered this by 
reiterating her earlier claim, but stating that she too was unable to find any effect 
exerted on the serum calcium by long-term cabbage feeding. 

Baumann, Kurland, and Metzger (10) also claimed that cabbage affected calcium 
metabolism. They fed 3 rabbits cabbage until their thyroids became palpable, then 
continued them on the cabbage after the intraperitoneal injection of 10 mg. of KI. 
It was claimed that the calcium balance was positive during the cabbage feeding and 
became negative following the injection of KI, but their published figures give this 
contention little support. Data are only given for 2 of the 3 rabbits since the third 
was ‘very similar.’ The balance of the animals reported was always positive, and the 
slight drop that occurred following iodine administration was of the same order of 
magnitude as the variation during the control periods. Dupre and Semenoff (23) in 
experiments on single rabbits reported that wide diurnal variations occurred in the 
levels of serum calcium and phosphorus, but that cabbage feeding tended to lower 
the phosphorus and raise the calcium. 

Ranganathan (84) divided 12 rabbits into 4 equal groups, one being fed a 
balanced ration containing 500 gm. cabbage daily, and the other 3 raw cabbage alone. 
Of the groups fed only cabbage, one received, in addition, 0.1785 gm. slaked lime and 
another 0.29 gm. sodium phosphate daily. No essential difference in the balance of 
calcium, phosphate or magnesium was found between any of the 3 groups, nor was 
there any change of serum calcium levels. 

Another ingenious suggestion has been forwarded by Blum (14). This investi- 
gator found that although the iodine supplied in the food to animals on a cabbage 
diet was more than adequate to satisfy their daily requirements, yet the thyroids 
became depleted of iodine and goiters developed. If, on the other hand, iodine were 
supplied additionally in an inorganic form as sodium iodide, the goiters would be 
prevented and a normal complement of iodine would be found in the thyroid. From 
these observations, he concluded that the ‘pflanzliche Noxa’ acted by inhibiting 
‘liver deiodase.’ In other words, the organically bound iodine supplied in the foods 
could not be liberated to supply the thyroid needs, but the thyroid was obviously 
not at fault, since it could utilize the readily metabolized inorganic iodine when 
supplied as sodium iodide. No one else is known to accept this hypothesis and no 
direct evidence has yet been brought forward that ‘liver deiodase’ exists or can be 
inhibited. 

It remained for the New Zealand workers, Kennedy, Griesbach, and Purves, 
to solve the problem finally. In a series of investigations beginning in 1941 it was 
clearly demonstrated that hypophysectomy would prevent the development of 
thyroid enlargement in rats fed a rape seed diet (33). Two experiments were per- 
formed using 80- to 120-gm. rats. In the first, rats were kept on a stock diet for 2 to 3 
weeks after hypophysectomy, then transferred to the goitrogenic rape seed diet. 
The animals were killed from 14 to 91 days after beginning the rape seed regimen. In 
none of the hypophysectomized animals was the thyroid larger than 6.4 mg. although 
the unoperated controls fed the goitrogenic diet for 15 to 16 days had glands weighing 
34.2 to 44.0 mg. Unfortunately, body weights were not given. 
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In the second experiment, rats were placed on the active diet for 51 to 53 days. 
These were then hypophysectomized and continued on rape seed for 20 to 23 days, 
when they were killed. The thyroids weighed only from 9.4 to 15.3 mg. and showed 
marked involution and colloid formation in contrast to the usual hyperplasia. 

Purves (83) later found that racemic thyroxin in the small dose of 3 ug/r10o gm. 
body weight would abolish the thyroid hyperplasia induced by feeding rats rape seed. 
Iodine and diiodotyrosine, on the other hand, would equally modify the effect of 
this diet on the basis of their iodide content but would not completely abolish the 
action, even in large doses. 

The thyrotrophin content (34) of the serum of animals on this diet was raised 
to the same level as that induced by thyroidectomy. Changes (32) were also noted 
in the anterior pituitary, namely a marked increase in the number of basophiles and 
the appearance of signet ring cells, which were similar to those found following 
thyroidectomy. 

These observations pointed to one conclusion: a rape seed diet prodliced thyroid 
enlargement by interfering with the production of thyroxin. This, in turn, stimulated 
the pituitary to increased thyrotrophin secretion. The thyrotrophin acted upon the 
thyroid cells, causing hypertrophy and hyperplasia. Since the thyroid was unable to 
respond by increased hormone production, the high level of thyrotrophin and re- 
sultant goitrogenesis continued until the diet was changed or hypophysectomy was 
performed. 

A similar mechanism of action has been found to exist for the antithyroid drugs 
of the aminobenzene and thionamide series (5, 77). This provides strong suggestive 
evidence that the goitrogen in the Brassica seeds might be related to one or the other 
of these compounds. As shall be seen below, such a relationship has now been proven. 


NATURE OF THE GOITROGEN 


As we have seen, as soon as the remarkable action of cabbage feeding on the 
thyroid became known, Marine and his co-workers immediately took the lead in 
investigations of this phenomenon. Work was published by this group which still 
continues to influence those interested in this problem. Unfortunately, many of their 
findings have either remained unconfirmed or have since been disproved, and some 
of the conclusions which they based upon their data have been severely questioned. 

In 1929, Marine, Baumann and Cipra (58) reported that boiling cabbage for 30 
minutes increased the capacity to produce thyroid hyperplasia. Longer boiling would 
not make it more effective than this, but on the other hand would not lessen its 
enhanced activity. Hashed fresh cabbage had no effect, but hashed s/eamed cabbage 
retained its full potency. Press juice of steamed cabbage had only a slight goitrogenic 
effect; but the cabbage itself, after 60 per cent of its weight had been removed as 
press juice, produced an effect equivalent to feeding the cabbage whole. Lowering of 
the metabolic rate and goiter development occurred twice as fast with steamed as 
with fresh cabbage. Turnip, Brussels sprouts and cauliflower also had their goitro- 
genicity enhanced by steaming. 

Thus, the goitrogen was heat-stable, water-insoluble and destroyed by exposure 
to air. The fact that steaming increased the potency was explained by a destruction 
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of the ‘antigoitrogens’ which were supposedly heat-labile. In this, as in subsequent 
publications, it is impossible to discern exactly how the assays were conducted. From 
an article published in 1933 (64) it might be inferred that estimates were made of 
thyroid size by palpation and that in some instances a ‘cervical laparotomy’ was 
performed and the thyroids examined by direct inspection. 

Extraction of the cabbage with ether, alcohol or similar solvents destroyed its 
goitrogenicity. The ether extract, on the other hand, was capable of inducing thyroid 
hypertrophy. This was observed even after distillation of the ether. ‘Therefore the 
goiter-producing substance in cabbage is extractable with ether and volatile.” (9). 

Drying in air caused the cabbage to lose its goitrogenic properties. Acid hy- 
drolysis increased the activity while alkaline hydrolysis slightly decreased it. The 
increase from acid hydrolysis was believed due to “preservation of the goitrogen or 
destruction of the antigoitrogens.” (61, 115). 

All Brassicae that had been tested were capable of producing goiter. Since the 
mustard oils (isothiocyanates) are the most characteristic chemical constituents of 
this genus, it was logical to suppose these compounds might be the active ingredients. 
Such did not seem to be the case. None of several different mustard oils, when fed to 
rabbits, had any effect on the thyroid (62). 

Attention was then directed to the cyanides, which are also important constitu- 
ents of these plants. All such compounds tested produced thyroid hyperplasia, but 
to varying degrees. Acetonitrile, the least toxic, had the greatest effect and the 
aromatic nitriles had the least. It was believed that the cyanides poisoned certain 
enzyme systems, thereby requiring a greater output of thyroid hormone to overcome 
the toxicity. Iodine administration was found to prevent completely the goiter 
caused by cyanide. (It is interesting that these investigators were unable to detect 
any activity in thiocyanate, which has since been proved goitrogenic if the iodine 
intake is inadequate.) 

There was found to be an abrupt increase at puberty in the amount of aceto- 
nitrile a rabbit could tolerate and a corresponding decrease in the thyroid response 
(63). Sexual maturity was also hastened by this drug. Eighty per cent of young 
rabbits responded to acetonitrile with significant thyroid hyperplasia and 50 to 60 
per cent of them developed exophthalmos. Another theory advanced at this time to 
explain the goitrogenic action postulated that the thyroid might promote the detoxifi- 
cation of the cyanide. Immature rabbits supposedly would havea lower ‘thyroid reserve’ 
and a hyperplastic response of the gland would be required to detoxify the amount of 
cyanide administered. Once puberty had been reached, however, the gland apparently 
was able to function more efficiently, hence the greatly decreased response to aceto- 
nitrile in mature rabbits. 

Many investigators have been unable to confirm this effect of cyanide. Although 
Marine observed marked goitrogenesis from the administration of 0.1 cc. methyl 
cyanide to 1500-gm. rabbits, Spence, Walker, and Scowen (97) were unable to dupli- 
cate these results except for a questionable response in 3 out of ro rabbits. Chickens, 
ordinarily among the most susceptible of animals to goitrogenic stimuli, did not 
develop thyroid hypertrophy even when given up to 0.8 cc. acetonitrile daily for 6 
weeks (96). It was noted in this experiment that although most of the cyanide was 
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converted to thiocyanate in rabbits, none was converted in chickens. From this it 
was concluded that the compound was not goitrogenic in chickens because these 
animals were unable to split CH; from CN. Although this gave Spence the oppor- 
tunity of being the first to suggest thiocyanate might be a goitrogen, he did not do so. 
It was not until 3 years later that the first paper on thiocyanate goiter (6) was 
published. 

McCarrison, about the same time (72-74) in his investigations on the relation 
between unsanitary conditions and goiter, noted that the water-soluble fraction of 
excreta contained thiocyanate precursors. Following this, he also found that enzyme 
(emulsin) hydrolysis of cabbage revealed the presence of thiocyanates ‘in considerable 
quantity.’ He, too, did not connect thiocyanate with goiter. In fact, in another paper 
published the same year he stated that the goitrogenicity of foods was inversely 
proportional to the amount of thiocyanate generated from them by enzyme action. 
This same investigator was unable to detect any goitrogenic activity in methyl 
cyanide given to hygienically kept rats. Astwood (2b) also found this drug non- 
goitrogenic in rats. 

Steaming seemed to have a variable effect on the cabbage goitrogen. McCarrison 
(71) in one series of experiments found, as Marine, that such treatment enhanced the 
potency. In a second series, however, the potency was reduced by steaming. Spence, 
Scowen, and Walker (97) did not find that steaming made Cornwall cabbage goitro- 
genic. Hercus and Purves (37) found that steaming destroyed completely the ac- 
tivity of rape seed. Greer and Astwood (29) noted that cooking seemed to diminish 
greatly the effect of most foods with antithyroid activity. Just how heating may 
affect the activity of these foods will be discussed below. 

Hercus and Aitken (36), having noted that the lipoids from cabbage are goitro- 
genic (62) and that Collison and Smedley-MacLean (20) had shown that cabbage had 
oleic, linolenic and linoleic acids in it, tested raw linseed oil. One cc. of this substance 
was given daily for 7 months to a rabbit being fed cabbage at the same time. The 
animal’s thyroid at the end of that time weighed 1.2 gm. They concluded, however, 
that the goitrogenicity of the cabbage was not associated with the presence of un- 
saturated fatty acids. What thyroid enlargement had occurred was probably the 
result of the cabbage alone. 

The nature of the goitrogen in soy beans was also investigated. Sharpless, 
Pearsons and Prato (94) found that autoclaving, ether extraction or steaming would 
lower the potency of soy beans. Wilgus e a/. (123) confirmed that heating destroyed 
its effect, but found that ether, acetone or chloroform extraction would not remove 
the activity. 

Again it was in New Zealand that the next stride forward was made. Kennedy 
(47) suggested that allyl thiourea might be the active agent. He fed 20 mg. of this 
substance daily to rats and produced very hyperplastic thyroids averaging 43 mg. 
in weight. Fifty mg. of the drug daily produced an identical histologic picture, but the 
glands were somewhat smaller, averaging only 30 mg/6o gm. body weight. In testing 
allyl thiourea he was probably influenced by the recent discovery of Richter and 
Clisby (88) that phenylthiourea would produce hyperemic goiters in rats. The 
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mustard oils contained in the Cruciferae had long been known to combine with 
ammonia to form thiourea derivatives, and it did not seem too illogical to assume 
that such a reaction might take place to give these foods their goitrogenicity. As is 
well known, it was these papers which led to the staggering amount of research on 
antithyroid drugs over the past 7 years. 

The action of thiourea derivatives correlated well with that of Brassica seed. 
Iodine administration would decrease by about one-third, but not totally inhibit, 
the affect of these antithyroid drugs (5). The mechanism of action was apparently 
inhibition of the synthesis of thyroxin. Thyroxin administration would prevent 
the goiters from developing and so would hypophysectomy (5). Apparently, then, the 
answer had at last been found. Only one final step was lacking—the isolation and 
identification of a thiourea derivative from these foods. 

This last, simple step proved much more difficult than might have been thought. 
In fact, only two instances have yet been recorded of a thiourea being isolated from 
any plant. Klein and Farkass (48) identified thiourea itself in Laburnum anagyroides, 
and Panse and Paranjpe (82) isolated a compound from papaya seeds which was 
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eventually identified as benzylthiourea. In spite of many attempts, however, no 
such compound was isolated from members of the cabbage family, although Hopkins 
(41) obtained 5, 5-dimethyl]-2-thiooxazolidone from the seeds of Hares’-ear mustard. 
Wagner-Jauregg and Huter (107) attempted to show that thiourea could be formed 
in the body by feeding 700 mg. sinalbin, a combined glycosidic mustard oil, and 35 
cc. of myrosin solution, its specific hydrolytic enzyme, daily to rabbits for 31 days. 
At the end of this time the thyroids showed ‘beginning hyperplasia’ histologically, 
but no definite results were obtained. 

Very recently, a substance has been isolated and identified from certain members 
of the Brassicae which seems reasonably well established as one of the most im- 
portant, if not the only, goitrogenic compound contained in these plants. In experi- 
ments on the antithyroid effect of various foods in man (29), it was noted that 
rutabaga consistently produced the strongest depression of the uptake of radioactive 
iodine by the thyroid. Therefore, fractionation studies were begun on this vegetable. 
A tool was available which the earlier workers had been denied, namely the use of 
radioactive isotopes, and this greatly facilitated the bio-assay of the various fractions. 
Groups of young rats were given the substance to be tested, either by injection or 
stomach tube, and one hour later a small dose of I'*! was injected. Three hours after 
this the animals were killed and the thyroids dissected out and counted with a 
Geiger-Mueller counter. The activity of the various fractions was estimated by the 
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percentage of I’*' uptake the thyroids of the experimental rats had as compared to 
the glands of the untreated controls. 

Using this method, it was soon found that the active principle was water soluble, 
could be removed from the aqueous extract by ether, and that if this ether extract 
were then evaporated, the portion that was water soluble would again contain 
practically all of the activity. Crystals of this material were eventually obtained and 
proven to be a hitherto unknown compound, L-5-vinyl-2-thiooxazolidone (4). Carrol 
(18) has also isolated an antithyroid compound from rape seed which seems identical 
in empirical formula and physical properties to the vinyl thiooxazolidone. This is a 
thionamide, and its potency is the same as that of thiouracil in man. Its potency in 
the rat is somewhat less, being approximately one-fifth that of thiouracil. 

This thiooxazolidone gives a characteristic ultraviolet absorption spectrum 
with a maximum intensity at 2400 A, log « 4.18. The material seems to be more 
concentrated in the seeds than in the root, stem or leaves of these plants. It has so 
far been isolated from the root and seeds of rutabaga and from the seeds of rape, 
cabbage, kale and turnip. It has also been identified by its ultraviolet spectrum in 


CH;—NH 
* Fig. 4. L-5-VINYL-2-THIOOXAZOLIDONE, the 
cC=S5S antithyroid compound of rutabaga and other 
Bg members of the cabbage family. 
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the seeds of various other members of the Cruciferae. Table 6 lists the seeds tested 
and the amount of the thiooxazolidone found in each (4). 

This compound seems to be combined in some form in nature, possibly as a 
glycoside. If the whole seeds or roots are steamed, boiled or baked, no thiooxazolidone 
can be isolated and the treated material has no activity as determined by bioassay. 
As soon as the raw food has been finely ground and suspended in water, the thio- 
oxazolidone is formed completely within a few minutes. Once it has been formed, the 
compound is heat stable at least to 100°C. Thiooxazolidone will form from the 
heated, inactivated material, however, if it is subsequently treated with a purified 
enzyme preparation from the unheated plant (30). 

Just what the combined form may be is as yet unknown. Hercus and Purves 
(37) may have surmised correctly 14 years ago when they suggested that the sub- 
stance might be a glycoside, for certainly the compound seems to be concentrated in 
the seeds, as are glycosides, and the properties cited above would be consistent with 
this hypothesis. It is possible that this precursor may be an isothiocyanate combined 
with a sugar and immediately cyclizes when the sugar is split off. It is also likely, of 
course, that it may be the thiooxazolidone itself which is combined with glucose or 
some other substance. The correct answer must await further investigation. 

Although this compound has been found in most members of the Brassicae, it 
has not yet been discovered in any other members of the Cruciferae, nor indeed in 
any other family. It is quite interesting that it has never as yet been found in cabbage 
leaves, although it has been detected in the seeds of several varieties. This would 
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agree well with the observation that cabbage seemed to have very little antithyroid 
activity in man (29). 

It is not known, of course, whether this is the only goitrogen contained in the 
cabbage family. In view of the innumerable compounds which are known to occur in 
these plants and the probably even greater number that remain unknown, it would 
be surprising if other active compounds were not discovered. Mustard, for instance, 
which has been found goitrogenic both by Hercus and Purves (37) and by the author 
(unpublished) does not seem to contain vinylthiooxazolidone although Hopkins (41) 
isolated 5, 5-dimethyl-2-thiooxazolidone from Hares’-ear mustard. 


TABLE 6. VINYL THIOOXAZOLIDONE CONTENT OF VARIOUS BRASSICA SEEDS (4) 
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This is the chief or possibly the only goitrogen in the Brassicae. There are several 
pieces of evidence which tend to rule out other substances that have been suggested 
as goitrogens and to rule in the thiooxazolidone, or at least a closely related com- 
pound. In the first place, this drug belongs to the thionamide or thiourea series, 
known to be only partially inhibited by added iodine in their effect on the thyroid. 
Kennedy and Purves (46) also observed that the goitrogenic effect of rape seed was 
only partially inhibited by iodine. Secondly, the mechanism of action of rape seed 
has been shown to be interference with the synthesis of thyroid hormone. This is 
also the mechanism of the thiourea derivatives. Thirdly, the antithyroid effect 
observed in the plants in which the thiooxazolidone occurs can be adequately ex- 
plained solely on the basis of their content of this compound. 

However, there remain other facts which are not explained by assuming that the 











544 MONTE A. GREER Volume 30 


goitrogen is always thiooxazolidone. Why is it, for instance, that cabbage, the vege- 
table with which this series of investigations began 20 years ago, has never yielded 
so much as a trace of this material from its leaves—even by spectrophotometric 
analysis? The compound has been identified in small amounts in the seeds, but never 
in other parts of the plant. We can only guess at the answer. It has been reasonably 
well established by now that the goitrogenicity of cabbage varies considerably in 
different localities and at different times of the year. It may be that the cabbage 
leaves investigated for their thiooxazolidone content were from particularly ‘un- 
goitrogenic’ varieties. Certainly, no antithyroid effect of consequence has been found 
in the cabbage we have tested, either in man (29) or in the rat (unpublished). That 
it was obtained from the seeds, however, at least indicates that the compound is 
not foreign to this species, and under appropriate circumstances may be formed in 
appreciable quantities in the ‘soma.’ 

It is also difficult to explain why Webster, Marine etc., found that added iodine 
would completely prevent the formation of ‘cabbage-goiter.’ One possibility is that 
these animals were on a diet rather deficient in iodine and that the small amount of 
goitrogen present in the cabbage was sufficient to cause thyroid enlargement under 
such circumstances, but was completely overcome by providing adequate amounts of 
iodine. 

Why could not cyanide be the goitrogen responsible? Perhaps it is, but this 
seems highly unlikely. Not only have many investigators been unable to confirm the 
effect of this agent on the thyroid, but the data reported from experiments affirming 
its effectiveness make it seem that any mechanism it might possess is entirely different 
from that now established in Brassica-seed goiter. For instance, Borland (16) found 
that methyl cyanide greatly accelerated the metamorphosis of tadpoles. This would 
hardly be due to an interference with the synthesis of thyroxin since it is necessary 
for thyroid hormone to be present before metamorphosis will occur at all. Thiouracil 
and thiourea administration, on the other hand, will cause the tadpoles to remain in 
the larval state indefinitely. 

It is true, however, that if cyanide is converted to thiocyanate and its action 
is exerted as the latter, a better case might be made for its goitrogenicity. Thiocyanate 
inhibits the selective concentration of iodide ion by the thyroid and has no measurable 
effect on the synthesis of thyroxin. It is goitrogenic only when the iodine intake is 
low and is completely overcome by added iodine. Thiocyanate itself, which is known 
to be contained in detectable quantities in these plants, might be goitrogenic under 
such circumstances, and one would not need to consider cyanides at all. Thiocyanate 
could only be suspected in the earlier work on cabbage, however, for in all recent 
experiments, especially with Brassica seed, it has been adequately shown that added 
iodine will not abolish the goitrogenic effect. This ion occurs in such small quantities 
in the Cruciferae, moreover, that goitrogenic doses were probably never given. 


CLINICAL APPLICATIONS 


Now that it is definitely established that a potent goitrogen is contained in 
certain members of the mustard family, what clinical use can be made of this informa- 
tion? It is important to know whether the ingestion of these goitrogenic foods is ever 
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responsible for the occurrence of goiter in man. Isolated instances have been re- 
ported of people with a marked craving for cabbage, lettuce or other vegetables 
who also develop goiter (2, 78). Are these examples of true etiologic significance or 
merely of coincidence? It must be freely admitted that in the overwhelming majority 
of patients with simple goiter it is impossible to connect their affliction with any 
definite dietary peculiarity. 

The lack of adequate food during the recent war provided an opportunity to 
observe the influence of a chiefly vegetarian diet on the population of certain nations. 
In the Low Countries the main portion of the diet consisted of cabbage, turnip or 
related foods. Several published reports have indicated that such eating habits were 
accompanied by an increased incidence of simple goiter. 

The incidence and severity of thyrotoxicosis in Belgium decreased during 1941- 
1944 as compared to 1936-1939 (8). The incidence of simple goiter increased during 
the same period from 16 to 26 per cent. This was believed due to the high consumption 
of kohlrabi, cabbage and similar vegetables. Schweitzer (93) found there had been a 
reduction of the basal metabolic rate in Holland from an average of plus 8 in 1939 
to plus 2 in 1943. This, too, was believed associated with the change in dietary 
habits. Himsworth (39) was acquainted with a monastery in Belgium where the monks 
were forced to subsist on a diet of rutabagas and tulip bulbs during the war. The 
monks developed goiters on this diet. 

In contrast, there was a rather striking increase in the incidence of thyrotoxicosis 
in Denmark and Norway during the war (31, 80). In Denmark, the nutritional status 
remained satisfactory throughout the period of hostilities and the incidence of hyper- 
thyroidism remained at a high level until 1945. In Norway, however, although there 
was a marked spurt in the incidence of the disease in 1941, this had approached the 
prewar level by the following year. Since the decrease in the number of cases of 
Graves’ disease occurred concomitantly with a deterioration of the food supply, it is 
not unlikely that large amounts of turnip and related vegetables began to be consumed 
at that time, making conditions in Norway comparable to those in Belgium and 
Holland. 

The clinical applicability of cabbage goiter seems always to have been contested 
by a considerable body of investigators. Wegelin (121) stated that the people of 
southern and western Switzerland ate more cabbage than those in other parts of the 
country where goiter was much more common. Suk (102), however, found that the 
goitrous population of Carpathian Ruthenia consumed large quantities of cabbage. 
From October through December their staple food three times a day was pickled, or 
raw, stored cabbage. 

Although it is unlikely that goiter will result if these goitrogenic foods are eaten 
in normal quantity, it is possible that when the dietary intake is limited almost 
entirely to turnips or equally potent vegetables the amount of antithyroid material 
ingested may be sufficient to inhibit thyroxin synthesis and thereby cause thyroid 
enlargement. 

According to our findings, cooking the vegetables before eating will probably 
prevent any goitrogenesis. No enzymes appear to exist in the body which are capable 
of forming this compound from its precursor. If the food is ground or allowed to stand 
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in water for a considerable period of time before cooking, however, enough hydrolysis 
might occur to allow appreciable amounts of the active compound to be formed. 
School children have been taught for a number of years that raw vegetables are more 
nutritious and contain more vitamins than cooked. Perhaps overenthusiastic hygiene 
instructors will now tell their pupils that rutabagas and turnips should be cooked 
before eating if one wishes to preserve the unbulging appearance of one’s neck. 

Of the thousands of vegetarians in existence, very few have been observed to 
present significant thyroid enlargement. It is quite possible, however, that the 
sporadic goiter may occasionally be due to the ingestion of goitrogenic foods. It is not 
improbable that other naturally occurring goitrogens may in the future be isolated 
from other foods and that these may not require enzymatic liberation to acquire 
their antithyroid activity. One conclusion which seems inescapable is that the prob- 
lem of simple goiter is far from solved. Very few instances of thyroid enlargement 
not due to iodine deficiency have yet been explained. 


I am indebted to Dr. E. B. Astwood for helpful criticisms and advice during the preparation 
of this manuscript. 
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SIGNIFICANCE OF GLUTAMIC ACID FOR THE 
METABOLISM OF NERVOUS TISSUE 
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WICKFORD, ESSEX, ENGLAND 


TT) 1OCHEMICAL, physiological and clinical investigations of recent years suggest 
B a special significance of glutamic acid! for the metabolism and the functions 
of nervous tissue, though the precise mechanism of its action is as yet little 
understood, The available evidence consists of studies carried out in vitro as well 
as in vivo; a connection between the two sets of results has often been assumed. 
In this article the existence of such a connection is critically examined. It is not in- 
tended to present a complete review of all that is known, but rather to assemble 
those facts which are considered relevant to the argument. Some of the conclusions 
reached may be controversial; they are put forward as a starting point for discussion: ; 





- 


IN VITRO STUDIES 
Concentration of Glutamic Acid in Brain 


The crucial importance of glutamic acid and its amide in brain metabolism is 
indicated by the fact that the two substances together account for about 40 to 80 
per cent of the total amino-carboxyl-N of brain (table 1). Glutamic acid is thus 
one of the few free amino acids occurring in appreciable concentration in brain. With 
the possible exception of spleen, its concentration in brain is greater than in any 
other tissue (4). This is a remarkable fact, since brain is usually supposed to rely 
on carbohydrate for its energy requirements, not to be concerned with growth or 
cell destruction and to lack the specialized functions of nitrogen catabolism cen- 
tralized in liver and kidney. 

It has moreover been demonstrated (6) that brain slices are capable of taking 
up glutamic acid from the suspension medium against a concentration gradient, 
provided a suitable substrate, such as glucose, is present in addition. This mechanism 
which is more efficient in brain than in most other tissues emphasizes the importance 
of maintaining a high concentration of glutamic acid in the cells of nervous tissue. 


Three Principal Reactions of Glutamic Acid in Brain 


So far, only three enzymic reactions in which glutamic acid is involved are 
known to occur in brain. They are 1) deamination, 2) transamination and 3) amida- 
tion. It is intended to develop the thesis that these three reactions are integrated 
into a single system whose main, if not only, function is the de-ionization and re- 
moval of intracellular ammonia. This of course is by no means a new idea and, at 
least as far as the system glutamic acid-glutamine is concerned, has always been 


1Unless specifically denoted by the appropriate prefix, all amino acids and other optically 
active substances mentioned are understood to be the naturally occurring isomers. 


549 











550 H. WEIL-MALHERBE Volume 30 


clearly recognized. What is still under discussion is the question if there are other 
functions of glutamic acid in nervous tissue in comparison with which the ammonia- 
binding function is of subordinate importance. 

The need for such a system stems from the toxicity of ammonium ions for cells 
in general and for nervous tissue in particular, coupled with the appearance of rela- 
tively large quantities of ammonia in nervous tissue under certain conditions. The 
content, formation and effects of ammonia in brain will therefore be briefly reviewed. 


TABLE 1. CONCENTRATION OF TOTAL AMINO-CARBOXYL-N, GLUTAMIC ACID AND GLUTAMINE 
































IN BRAIN 
@-AMINO-N 
NIMAL uc/100 cu. | /100 Gm. RENCE 
A | TISSUE | wet yy REFEREN 
Total amino-car- Dog | 23.1 | 23.1 r 
boxyl-N Rat = = | 43-1 64 
Rat 51.8 | 51.8 la 
Glutamic acid Mouse | 145 | 13.8 2 
Rat | 133 | 12.6 2 
Rat | 225 II.9 3 
Sheep, grey matter 154 14.7 4 
Sheep, white matter | 90.5 8.6 4 
Cat, whole brain | 146 | 13.9 4 
Glutamine Rat 79 7.6 5 
Rat 62 6.0 2 
Rat 95 9.1 3 
Sheep, grey matter | 55 | 5-3 4 
| Sheep, white matter 48 4.6 4 
| Cat, whole brain | 9 | 7.4 4 
{ | 








Ammonia Content of Brain 


Richter and Dawson (5) have recently re-investigated the concentration of 
ammonia in brain with improved techniques. Their results confirm those of previous 
workers (7, 8). In young rats (25-40 gm.), killed by immersion in liquid air, the 
authors found an average ammonia content of 0.28 mg. per cent. When however the 
decapitated heads were dropped into liquid air, the mean ammonia content rose to 
0.47 mg. per cent. Freezing of the heads started one second after decapitation. In 
heads which were kept for 4 to 30 seconds before freezing an ammonia content of 
about 1 mg. per cent was found. Krebs ef al. (4) who investigated sheep brain frozen 
in liquid air within 5 minutes after death obtained mean values of 6.0 mg. per cent 
for grey matter and 3.8 mg. per cent for white matter. For the whole brain of a cat 
the value of 3.5 mg. per cent is given. 

It appears from these figures that there is an almost explosive formation of 
ammonia within a few seconds after death and the question arises whether the true 
figure for brain iz vivo would not be zero. This value may indeed be approached in 
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cells in a state of functional inactivity; in rats which were kept in Nembutal narcosis 
for 30 minutes and then killed by immersion in liquid air the ammonia content of 
brain was 0.06 mg. per cent (5). Similarly, the ammonia formation in the sciatic 
nerve of rabbit is diminished during urethane narcosis (9). It is however unlikely 
that the powerful enzyme system responsible for the liberation of ammonia would 
be inactive in vive. A connection between ammonia formation and nervous activity 
is indicated by observations on peripheral nerves of frog and rabbit (9-11), showing 
an increased ammonia formation upon stimulation, and on frog retina (12), showing 
an increase upon illumination. Richter and Dawson (5) found a rise of brain ammonia 


immediately before, during and after convulsions produced by picrotoxin, anoxia 
or electric stimulation. 


Ammonia Formation by Brain Slices 


When brain slices are incubated in Ringer’s solution in absence of substrates 
an evolution of ammonia is observed which continues at a fairly steady rate for 
several hours, although there is a marked decline of respiration. The amounts of 
ammonia liberated are considerable; 56 mg. per 100 gm. of fresh tissue were found 
to appear in 4 hours and there was no sign of the reaction coming to an end (13). 
The question of the precursor of this ammonia has not yet been fully studied. The 
amounts of adenosine polyphosphates present in brain may account for about 3 
mg. per cent of ammonia (14), derived from the amino group of adenine. Whether 
there is complete autolysis and deamination of adenine nucleotides in respiring 
brain slices is, however, not known. There is certainly no decrease in the amount of 
amide-N which remained perfectly constant throughout an experiment of 4 hours 
(13). Finally, the occurrence of amine oxidase in brain (15) raises the question if 
amines could be the source of brain ammonia, but there is no evidence that amines 
are present in sufficient quantity or formed at a sufficient rate in brain. 

On the whole it seems improbable that the large ammonia formation of brain 
slices can be accounted for by low molecular cell constituents pre-formed im vivo. 
If it is derived from high molecular cell constituents, such as proteins, polynucleo- 
tides or lipoids, the process might be described as autolysis. Yet ‘autolysis’ only 
means the occurrence of exergonic reactions without their endergonic counterpart, 
and each of these exergonic reactions is probably of significance for vital processes. 
That the protein and polynucleotide content of the nervous cell may undergo changes 
in periods of activity is suggested by the cytochemical investigations of Hydén (16). 
It is not possible to say at present whether there is a connection between these 
observations and the ammonia formation in nervous tissue. 


Toxic Effects of Ammonia on Brain Tissue 


In vitro. The respiration and glycolysis of brain slices, more than those of any 
other tissue, are sensitive to changes in the ionic composition of the suspension 
medium and particularly to an increase in the concentration of potassium ions (17, 
18). Weil-Malherbe (19) showed that ammonium ions have the same effect as potas- 
sium ions; they cause an increase of respiration and aerobic glycolysis and an in- 
hibition of anaerobic glycolysis. Ammonium ions are however active at a much 
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lower concentration than potassium ions: whereas a concentration of 50-100 mM 
K* is required, 0.3 mm NH,* is sufficient to produce a noticeable effect. The fol- 
lowing conclusion was reached: 


“Dickens and Greville (18) explained the K* effect as the result of a disturbance of the ionic 
balance of the medium leading to physical changes in the colloidal structure of the cell protoplasm 
and probably to increased permeability. The same may be true for NH,* in high concentration, but 
with NH,*-concentrations of the order of 10~* M a specific toxic effect seems more likely.” 


Like potassium ions, ammonium ions increase ‘free’ acetylcholine at the expense 
of ‘combined’ acetylcholine in minced or sliced brain, but, unlike potassium ions, 
they greatly. inhibit the synthesis of acetylcholine by brain slices (19a, rgb). 

In vivo. Some of the most powerful drugs affecting the central nervous system 
are compounds containing a quaternary ammonium group. It is therefore not sur- 
prising that the ammonium ion itself is a powerful irritant of the central nervous 
system. Parenteral injection of ammonium salts has a strychnine-like action on the 
cord and medulla. Immediate tremors and twitchings are followed by violent tetanic 
spasms, by convulsions and opisthotonus. Respiration shows a momentary convulsive 
inspiratory arrest which is superseded by hyperpnoea (20). 

Electroencephalographic records of dogs after the intravenous injection of am- 
monium chloride showed no signs of ‘epileptic’ cortical discharge, indicating a spinal 
rather than cortical origin of the convulsions (21). 

In common with organic quaternary ammonium bases ammonium salts may 
produce neuromuscular block (22). Richter and Dawson (5) found that convulsions 
in rats occurred when the ammonia concentration of brain had reached 9 mg. per 
cent. 

Ammonia is thus not only a common metabolite of nervous tissue, but also a sub- 
stance of high pharmacological activity, and perhaps possessing a specific physiologi- 
cal function. Its neutralization and disposal by the three enzyme systems centered 
around glutamic acid will now be discussed. 


Oxidative Deamination of Glutamic Acid 


Glutamic dehydrogenase which catalyzes the oxidative deamination of glutamic 
acid is an enzyme which differs fundamentally from all other amino acid oxidases. 
The studies on glutamic dehydrogenase have mainly been carried out with enzyme 
preparations from liver, but there is no reason to doubt the identity of liver and brain 
enzymes. The principal points of difference between glutamic dehydrogenase and 
other amino acid oxidases are the following: 

1) Distribution. Glutamic dehydrogenase occurs in liver, kidney, intestinal wall, 
skeletal muscle, brain, heart, spleen and tumor tissue (23), whereas other amino acid 
oxidases have only been found in liver and kidney. The deamination of amino acids 
in liver and kidney is usually regarded as a mainly catabolic reaction prior to their 
utilization for energetic purposes. The widespread distribution of glutamic dehydro- 
genase points to a more fundamental function serving the basic economy of the cell. 

Glutamic acid is the only amino acid oxidized in brain to any appreciable extent; 
it is certainly the only amino acid whose oxidation has been proved by the isolation 
of the oxidation product (13). Edlbacher and Wiss (24) working with washed prep- 
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arations of pulped brain found an increase of ammonia production on addition of a 
large number of amino acids of both the D- and L-series, which they regard as evidence 
for the oxidation of these substances. However, in view of the unspecific protective 
action of amino acids on many enzymes, this conclusion should not be uncritically 
accepted. In any case, the effects described are small and in some cases of doubtful 
significance; an increase of oxygen uptake was observed in only a few cases; and the 
effects were always more marked with the unnatural D-amino acids. The occurrence 
in brain of amino acid oxidases in concentrations of physiological significance cannot 
be inferred from these experiments. 

2) Specificity. With few exceptions, viz. D-aspartic oxidase (25) and glycine oxidase 
(26), amino acid oxidases have a low degree of specificity towards amino acids of the 
same steric configuration. Glutamic dehydrogenase, however, is strictly specific, 
another fact pointing to a function of glutamic acid different from that of amino acids 
as a class. 

3) Prosthetic group. Amino acid oxidases other than glutamic dehydrogenase are 
aerobic oxidases, i.e. they react with atmospheric oxygen under formation of hydro- 
gen peroxide in the absence of a hydrogen carrier, and most of them have been shown 
to be flavoproteins. The glutamic enzyme, on the other hand, is a typical dehydro- 
genase, belonging to the group of nicotinamide dehydrogenases and unable to react 
with atmospheric oxygen unless a suitable carrier is present. In common with other 
dehydrogenases of this group it catalyzes a reaction which is freely reversible. Von 
Euler et al. (23) determined the equilibrium constant K of the reaction: 


Glutamic acid + coenzyme I = iminoglutaric acid + dihydrocoenzyme I 


and found for 30° and pH 7.4 K = 5500. From this E,’, for 30° and pH 7.0, has been 
calculated as —o.181 (27). Both K and E,’ are of the same order as the values found 
for other nicotinamide dehydrogenase systems. The equilibrium lies very far to the 
left. Thus, at pH 7.4 and starting with equimolar amounts of glutamic acid and co- 
enzyme I, equilibrium is reached when on!) 1.4 per cent of glutamic acid has been 
oxidized. The equilibrium is however only realized if the secondary (non-enzymatic) 
reversible hydrolysis of iminoglutaric acid according to the equation 


a-Iminoglutaric acid + H,O = a-ketoglutaric acid + NH; 


is prevented. In the absence of ammonium salts iminoglutaric acid is largely broken 
down with the result that the oxidation of glutamic acid proceeds far beyond the 
point of true equilibrium. In the presence of NH,* iminoglutaric acid is stable and 
the equilibrium is strongly in favor of glutamic acid synthesis. This is the reason why 
the system: dehydrogenase-ketoglutaric acid-ammonia is an avid hydrogen acceptor 
which may, under anaerobic conditions, drive a number of oxidative reactions (28). 

Little is known about the reversibility of the deaminations brought about by the 
amino acid oxidases of the flavin group. Von Euler ef al. (23) mention some prelim- 
inary experiments showing re-oxidation of leuco-neutral red in the presence of am- 
monia, pyruvic acid and kidney D-amino acid oxidase. Wurmser and Filitti-Wurmser 
(29) determined the oxidation-reduction potential of this reaction and found E,’ = 
—0.040 at 30° and pH 7.0 (cf. 27). This value is close to that found for Warburg’s 
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‘yellow enzyme’ (30) and within the range generally assumed for the diaphorases 
(31). The higher potential in this case indicates that the energy gap between hydrogen 
donor and hydrogen acceptor is greater than in the case of glutamic dehydrogenase 
and the synthesis of D-amino acids by D-amino acid oxidase therefore incurs a greater 
expense of energy than the synthesis of glutamic acid by glutamic dehydrogenase. 
The oxidation-reduction potential of L-amino acid oxidase is not known, but it may 
be assumed to be of a similar order to that of D-amino acid oxidase. 

It thus appears that glutamic dehydrogenase is particularly adapted for the 
synthetic reaction which occurs spontaneously, i.e. without supply of energy, as soon 
as a sufficient concentration of ammonia is available. The uniqueness of glutamic 
dehydrogenase in this respect and its ubiquitous distribution indicate a fundamental 
importance of this reaction in cell metabolism. 


Transamination 


The distribution of the transamination system closely follows that of glutamic 
dehydrogenase. Like this, it is present in brain, heart, skeletal muscle and tumor tissue 
(32) and the same conclusions as to the fundamental nature of its function apply. 

Contrary to the original ideas of Braunstein, it is now believed (33) that only 
the following two transamination reactions, each catalyzed by a specific transamin- 
ase, occur at an appreciable rate: 


(z) Glutamic acid + oxaloacetic acid = a-ketoglutaric acid + aspartic acid 
and 
(2) Glutamic acid + pyruvic acid = a-ketoglutaric acid + alanine 


The physiological significance of these reactions is usually stated to be obscure. The 
following considerations may however assist in a formulation of their function: 

1) In the transamination reactions a-keto acids function as acceptors of amino 
groups. The three a-keto acids involved in transamination are all intermediates of 
carbohydrate metabolism and they are the only a-keto acids readily available in the 
cells of brain, muscle etc. 

2) Since the glutamic acid-ketoglutaric acid pair is the only one common to both 
reactions it occupies a central position towards which the two reactions are oriented. 
Under conditions of rapid glutamic acid synthesis, i.e. when the formation of free 
ammonia is high, glutamic acid will pass on its amino group to pyruvic and oxalo- 
acetic acids. Conversely, in the absence of ammonia formation alanine and aspartic 
acid will pass on their amino groups to ketoglutaric acid, and the keto acids, their 
task accomplished, will be returned into the tricarboxylic acid cycle. The glutamic 
acid system will thus function as donor or acceptor of amino groups according to the 
availability of free ammonia. 

The glutamic acid system is specially suited to this central position. When func- 
tioning as a donor of amino groups, it is linked through glutamic dehydrogenase to 
the tricarboxylic acid cycle and a steady flow of ammonia into the transamination 
system is thus ensured. Moreover, in this case, and also when functioning as acceptor 
of amino groups, the system is connected with the enzyme synthesizing glutamine, 
the circulating ammonia carrier of the animal organism. In the absence of ammonia 
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formation, i.e. when the glutamic acid system acts as amino-acceptor, the reaction 
‘may be formulated thus: 


2 Glutamic acid + 40. — glutamine + ketoglutaric acid + H,O 


This reaction, together with the reactions in which pyruvic and oxaloacetic acids are 
re-formed, reestablishes the original potential of ammonia acceptors, and at the same 
time converts ammonia into a form in which it can be removed by the circulation to 
the centers of nitrogen disposal. 

The above reaction is actually observed when glutamic acid is oxidized by brain 
slices and is the reason why no free ammonia is found (34, 13). 

Seen in this light, the main function of transamination appears to be that of a 
buffer system capable of accommodating a sudden influx of ammonia and to ensure 
its gradual disposal during periods of restitution. 


Amide Formation 


It has been shown by a number of authors (35-37) that ammonia formation by 
brain slices or retina is reduced in the presence of a suitable oxidizable substrate, 
especially glucose. This effect may be partly due to a ‘sparing action’ on oxidizable 
nitrogenous material, partly to a check on autolytic breakdown of such compounds as 
adenosine mono- and polyphosphates and partly to the formation of glutamine. 

In 1935 Krebs (34) found that brain slices were able to synthesize glutamine from 
glutamic acid and ammonia in the presence of glucose at a fairly rapid rate (Qg1utamine 
for rat brain slices ~ 2.5). Shortly afterwards Weil-Malherbe (13) showed the true 
scope of this ‘ammonia-binding mechanism’ when he found that brain slices could 
bring about the disappearance of added ammonia in the presence of glucose, and 
especially when both glucose and either pyruvic or ketoglutaric acid were added. In 
every case the disappearance of ammonia was roughly accounted for by the synthesis 
of glutamine (taking into account that 1 amide-N = 2 NHs3). Weil-Malherbe inferred 
the formation of ketoglutaric acid from glucose and the formation of glutamine from 
ketoglutaric acid. In Krebs’ experiments the disappearance of ammonia in the pres- 
ence of glutamic acid was not always fully accounted for by the formation of gluta- 
mine, but in the light of our present knowledge the deficit may be presumed to have 
been due to transamination. 

The evidence is thus in favor of glutamine as the end product of the ‘ammonia- 
binding mechanism’ and in accord with the conception of glutamine as the transport 
and storage form of ammonia, synthesized at the centers of ammonia formation and 
hydrolyzed at the centers of ammonia disposal or utilization (38, 39). This raises the 
question whether the hydrolysis of glutamine by brain glutaminase, also discovered 
by Krebs (34), has any physiological significance. On this point Krebs (40) says: 


“There is evidence in favour of the assumption that ‘glutaminase’ is a fragment of the synthe- 
sizing systems and that under physiological conditions it is concerned only with synthesis. The 
identity of the synthesizing enzyme present in the tissue and the splitting enzyme found in extracts 
is indicated by the fact that synthesis and splitting are equally inhibited by the foreign p-glutamic 
acid. ‘Glutaminase’ is, moreover, inhibited by the natural L-glutamic acid and this inhibition is 
competitive. That the splitting enzyme plays a physiological role is furthermore rendered question- 
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able by the fact that the pH optimum is 8.8 and that the activity is very low at physiological px 
values.” 


A different glutaminase was found by Krebs (34) in liver; it has a pH optimum 
near 7.5 and is not inhibited by glutamic acid. It was therefore assumed by Krebs to 
be a true hydrolyzing enzyme. It is probably identical with glutaminase 1 of Green- 
stein and his associates (41, 42). These authors found glutaminase i only in liver, 
whereas glutaminase I—presumably identical with Krebs’ brain glutaminase—was 
found in liver, kidney, brain, spleen and tumor tissue. The occurrence in spleen and 
tumor is interesting in view of the high ammonia formation in these tissues (37) and 
the high glutamic acid concentration in the former (4). 

Like so many other endergonic reactions which were originally supposed to de- 
pend on the organization of the intact cell the synthesis of glutamine is now known to 
proceed in homogenates or even extracts of liver, kidney or brain, provided ATP is 


supplied as source of high-energy phosphate bonds (44, 45). The synthetic reaction is 
thus formulated by the equation: 


Glutamic acid + NH; + ATP — glutamine + ADP + inorganic phosphate 


It is not yet known whether this reaction is reversible and whether glutaminase is 
identical with the synthesizing enzyme or a constituent of it, but the following facts 
are suggestive: glutaminase (1) is activated by phosphate (42) and inhibited by glu- 
tamic acid (34) while the synthesizing enzyme is inhibited by ADP (44). 

The reaction of glutamic acid with ATP offers an explanation for the observa- 
tion (34, 19) that glutamic acid inhibits the anaerobic glycolysis of brain slices and 
retina. This now appears to be due to a competition between glucose and glutamic 
acid for available ATP and, accordingly, the inhibition is reversed by the addition of 
ATP (6). Weil-Malherbe (19) already concluded that the effect, at least in brain, was 
connected with glutamine synthesis and gave cogent reasons against the theory, 
proposed by Braunstein and his school (46), that it was due to transamination. 

To sum up, it is suggested that the three enzymic transformations of glutamic 
acid occurring in brain, viz. deamination, transamination and amidation, are geared 
together in a single system and are subservient to a single purpose: the neutralization 
and removal of intracellular ammonia. 


Other Effects of Glutamic Acid in Brain Metabolism 


Though the existence of the ammonia-binding function of glutamic acid is 
generally accepted, it seems to be regarded at present as a sort of by-product and the 
true significance of the singular position of glutamic acid is sought elsewhere. 

Importance of glutamic acid as a fuel for brain respiration. The capacity of glu- 
tamic acid to sustain the respiration of brain slices and its complete oxidation in 
brain are well established (13). Coupled with the high concentration of glutamic acid 
in brain tissue the question arises whether glutamic acid may not serve as a physio- 
logical substrate comparable to glucose. Strychnine convulsions and similar experi- 
ments were shown to depress the level of rat brain glutamic acid (3). But it is not 
clear whether this change is the result of a lower rate of synthesis or whether it is due 
to inereased utilization and, if so, whether utilization was for the purpose of energy 
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production. The same considerations apply to the fall of the glutamic acid level in 
hypoglycemic rat brain described by Dawson (47) who found in deep coma a con- 
centration of 100 mg. per cent compared with a control value of 148 mg. per cent. 
The concentration of glutamine, at the same time, appeared to be slightly increased. 
The fact that, in spite of deep coma, when glucose and glycogen have virtually dis- 
appeared from the greater part of the brain (48, 49), the glutamic acid reserve has 
diminished by only 32 per cent and the glutamine level has remained intact rather 
argues against the assumption that cerebral cells can utilize glutamic acid and glu- 
cose with similar efficiency as a source of energy. 

It need not be denied, however, that, under certain conditions, glutamic acid 
may maintain not only the respiration, but also the function of nervous tissue. This is 
shown by the work of Tschirgi et al. (50) who developed a technique for the perfusion 
of isolated rat spinal cord and studied the effect of substrates on functional activity. 
Reflex responses were found to disappear after withholding glucose for 2 to 4 minutes 
and to return after renewal of the glucose supply. Glucose could be replaced by pyru- 
vate, isocitrate, a-keto-glutarate, glutamate and glutamine and, partly, by oxaloace- 
tate, but not by acetate, lactate, succinate, fumarate, malate and various other sub- 
stances. Why some oxidizable substrates are active in this preparation while others 
are not is still obscure. 

It seems safe to assume that, under normal conditions, glucose is utilized pref- 
erentially, if not exclusively, for the purpose of satisfying the energy requirements of 
nervous tissue. Whereas the presence of glutamic dehydrogenase in brain and its 
peculiar properties may be readily understood in connection with the ammonia- 
binding mechanism, a reason for the exclusive position of glutamic acid would be 
difficult to see, were its function merely that of a substrate of respiration. On the 
evidence available it is more logical to assume that the ability of glutamic acid to 
serve as a substrate for brain respiration is a side effect of its function in the ammonia- 
binding system. 

Function of glutamic acid in acetylcholine synthesis. It has been suggested that 
glutamic acid plays an important part in the synthesis of acetylcholine, because addi- 
tion of glutamic acid to a dialyzed brain extract reactivated its power of acetylcholine 
synthesis (51). Similar activation effects were observed with cyanide and with cys- 
teine, substances known to protect sulphydryl groups from oxidation, and also with 
citric acid, but not, or in lesser degree, with a number of other amino acids, including 
aspartic and D-glutamic acids. Since these experiments were performed, the function 
of coenzyme A in this reaction became known. Addition of coenzyme A to a dialyzed 
enzyme preparation results in a threefold increase of activity over that observed in 
presence of either glutamic acid or cysteine, and addition of glutamic acid to the 
coenzyme A-activated system has no effect (52). An explanation for the effect of 
glutamic acid is offered by the discovery of Cohen et al. (53, 54) that the synthesis of 
coenzyme A from pantothenic acid by washed suspensions of Clostridium saccharo-. 
butyricum or by rabbit intestine requires the presence of glutamic acid which could: 
not be replaced by any of the other amino acids tested. The fact that glutamic acid is. 
a constituent of the folic acid molecule comes to mind and a similar structure may 
nerhaps be envisaged for coenzyme A. It suggests that the enhancement of acetyl-. 
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choline synthesis by glutamic acid in dialyzed preparations of choline acetylase 
was due to a limited synthesis of coenzyme A. But it is difficult to believe that the 
need for the synthesis of coenzyme A exists in normal brain on any but a very re- 
stricted scale and it is unlikely therefore that the function of glutamic acid in the 
synthesis of acetylcholine can account for its particular position in brain metabolism 
or, as has repeatedly been suggested, for its clinical effects. 

Effect of glutamic acid on permeability of neuronal membranes. A new and impor- 
tant effect of glutamic acid on brain slices has recently been described (55). When 
brain slices are incubated aerobically in absence of substrate they lose potassium ions 
to the medium. This diffusion is reduced in presence of glucose and also of glutamic 
acid to about the same extent, but it is not entirely prevented. Prevention is only 
achieved when both substances are present together. 

At the moment of writing only a short preliminary note on this work is available. 
It would be premature to indulge in speculations, but it is striking to note the simi- 
larity of the conditions which prevent the loss of potassium ions with those which 
prevent the appearance of ammonia. 

The loss of potassium ions from the interior of the brain cell is largely due to the 
breakdown of a barrier upheld by metabolic energy (cf. 56), but it now seems probable 
that in addition specific factors may be involved. It is assumed that the action cur- 
rents accompanying nervous transmission are due to a progressing wave of localized 
depolarization of the neuronal membrane brought about by a selective permeability 
to K*. It has been suggested that acetylcholine plays a part in causing this change in 
the permeability of the neuronal membrane (57). In view of the effect of glutamic acid 
it would not be surprising to learn that not only the potassium ion but also the 
ammonium ion participates in this process. 


EFFECTS OF GLUTAMIC ACID IN VIVO 
Action of Glutamic Acid in Hypoglycemic Coma 

The observation that a number of substances was able to sustain the respiration 
of brain slices in absence of glucose led to investigations on their power of relieving 
symptoms of hypoglycemia in animals. To exclude secondary effects, such as con- 
version to glucose in the liver, hepatectomized or eviscerated animals were used and 
under these conditions the majority of the substances, including glutamic acid, 
proved unable to replace glucose (58, 59). Experiments were also performed on human 
material with lactic and pyruvic acids which are both readily oxidized by brain slices; 
yet, after intravenous injection, they had no effect on the oxygen consumption of 
brain or on the comatose state of patients undergoing insulin shock treatment (60, 
61). 

This contrast between the in vitro and in vivo effects was adequately accounted 
for by the work of Klein and Olsen (62, 63) who showed for several substrates, in- 
cluding glutamic acid, that their rate of diffusion from the blood stream into brain 
tissue was markedly slower than that of glucose and that therefore the concentration 
necessary for the maintenance of nervous function was not reached. In full agreement 
with this is the fact (64, 65) that intravenous injection of glutamic acid does not lead 
to a marked increase of glutamic acid concentration in brain.” 


2The rate of transfer across the blood-brain barrier may account for the different effects of 
various oxidizable substrates in the perfusion experiments of Tschirgi ef al. (so). Why glutamic 
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It came therefore as somewhat of a surprise when Mayer-Gross and Walker (66) 
announced that hypoglycemic coma could in fact be terminated in a number of cases 
by an intravenous injection of glutamic acid. Later (67) the same authors showed that 
glycine as well as p-aminobenzoic acid neither of which is utilized by brain slices in 
vitro had similar effects. On the other hand, to the number of substances utilized in 
vitro, but inactive in hypoglycemic patients, such as lactic and pyruvic acids (60, 61), 
has now been added succinic acid (67, 68) which is in the direct path of oxidation of © 
glutamic acid. There is thus a complete lack of correlation between utilization in vitro 
and activity in hypoglycemic coma. 

The discussion on the mechanism of this effect must be centered on the observa- 
tion, also first described by Mayer-Gross and Walker (67), that the blood sugar rises 
by about 20 mg. per cent after the injection of glutamic acid, glycine or p-aminoben- 
zoic acid in hypoglycemia. The first two substances are known to be glycogenic, but a 
conversion to glucose is not feasible in the case of p-aminobenzoic acid. Moreover, the 
minimum effective dose of glutamic acid was found to be 0.5 to 1 gm. (68) and with 
these small amounts blood sugar rises were observed far in excess of the limits attain- 
able if the glucose had originated from the glutamic acid injected. 

The activity of glutamic acid in doses of 10 to 20 mg/kg. of body weight in 
favorable cases suggests a trigger mechanism rather than a mechanism involving the 
direct utilization of glutamic acid as a substrate of brain cell respiration, and in any 
case direct utilization is improbable as explanation for the action of glycine, p-amino- 
benzoic acid or arginine (81). 

There remains the possibility that the rise of blood sugar is due to an adrenergic 
mechanism resulting in the mobilization of liver glycogen. The following observations 
are in favor of this assumption (68): r) The injection of glutamic acid in hypogly- 
cemic coma induces the classical triad of adrenaline action, i.e. in addition to a rise of 
blood sugar, a rise of blood pressure and of pulse rate. Though the acceleration of 
pulse rate was not always impressive, the rise of blood pressure was seldom missing. 
It sometimes amounted to 50 mm. Hg or more and was of the typical fleeting form 
associated with adrenaline action, subsiding within 1 to 2 minutes. 2) Blood taken 
from hypoglycemic patients after glutamic acid injection showed increased adrenergic 
activity compared with a pre-injection sample. A section of rabbit’s intestine was 
used as test object. No clear effect was obtained when either blood or plasma was 
added, but with a solution of washed and laked corpuscles an effect was usually 
observed. 

Mayer-Gross and Walker, though not denying that the blood sugar rise pro- 
duced by glutamic acid injection might be due to an adrenergic mechanism, never- 
theless doubted that it could account for the restoration of consciousness. Since they 
found that after administration of glucose a higher blood sugar level was required for 
the termination of coma than after the injection of glutamic acid, they concluded 
that the effect on consciousness was independent of the effect on blood sugar. It has 
now been shown, however, that the effect of glutamic acid could be duplicated by the 
intravenous injection of adrenaline itself and that consciousness returned at a blood 


and pyruvic acids were active in these experiments, but inactive in similar in vivo experiments 
(58-61), is not clear; the discrepancy may have been due to a greater diffusion gradient in the 
spinal preparation. 
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sugar level not materially different from that observed after injection of glutamic 
acid (68). It is not impossible that after injection or mobilization of adrenaline auxil- 
lary factors are operating which allow the restoration of consciousness at a lower 
blood sugar level than after glucose administration. At least two effects of adrenaline 
are known which may be of importance in this connection: as shown by Rein (69), 
adrenaline may increase cerebral blood flow and thus increase the utilization of 
glucose; and, as shown by Burn (70), it has also a direct action on nervous tissues 
where it facilitates impulse transmission and potentiates the action of acetylcholine. 
This effect in particular may assist in the restoration of cortical function. 

Connections between amino acids and adrenal medulla. There is ample experimen- 
tal evidence of mutual interactions between the adrenaline system and blood amino 
acids. It has been known for some time that the plasma level of amino acids is lowered 
in insulin hypoglycemia. According to Davis and Van Winkle (71) this effect is no 
longer observed after adrenalectomy. That lack of adrenaline is at least partly respon- 
sible follows from the observation of Luck and Morse (72) that adrenaline injection 
decreases the blood amino acid level. On the other hand, Nord (73) found that in- 
jection of glutamic acid or glycine caused a pronounced hyperglycemia in rabbits, 
exceeding that observed after the injection of an equivalent dose of glucose. The effect 
was completely prevented by adrenalectomy. Nord also observed a decreased chrom- 
affinity in the adrenal medulla of rabbits previously injected with amino acids. In 
rats, glycine feeding stimulates glyconeogenesis from sources other than glycine, 
possibly through increased adrenal cortical activity (74). As it is known that adren- 
aline stimulates the production of adrenocorticotrophic hormone (75) this effect may 
also be due to a primary adrenergic mechanism. 

In view of the reported activity of p-aminobenzoic acid in hypoglycemia it is of 
interest to note that Sullivan and Archdeacon (76) found an increase in adrenal weight 
after a period of daily intraperitoneal injections of p-aminobenzoic acid in rats. 

Finally, brief reference should be made to the well-known symptoms of auto- 
nomic stimulation (flushing, nausea, vomiting, increased peristalsis) observed after 
rapid intravenous injection of amino-dicarboxylic acids (77-80). 

We may conclude that, as far as the mechanism of the glutamic acid effect in 
hypoglycemia is concerned, there is a considerable body of evidence against a con- 
nection with the special functions of glutamic acid in cerebral metabolism and in 
favor of adrenergic stimulation. In its high concentration in brain, its ability to sus- 
tain the respiration of brain slices, its activity in the ammonia-binding mechanism 
and its effect on brain cell permeability glutamic acid is unique among other amino 
acids. Yet the effect of amino acids in hypoglycemic coma is unspecific: whereas glu- 
tamic acid is an acidic amino acid, glycine belongs to the neutral group of amino acids 
and p-aminobenzoic acid is not even an a-amino acid. Arginine, a representative of 
the basic amino acids, has recently been tested (81) and it has been found that it is at 
least as active as glutamic acid in the same molar concentration. 


Anticonvulsive and Psychological Effects of Glutamic Acid 


The great interest now shown by clinicians and psychologists in the effects of 
glutamic acid is undoubtedly mainly due to the work of Waelsch, Zimmerman and 
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their colleagues at Columbia University. These investigators first reported (82, 83) 
that administration of glutamic acid by mouth in doses of 10 to 20 grams or more 
daily greatly reduced the incidence of petit mal attacks. A patient who had 25 to 30 
attacks per day had only 5 to 25 while receiving glutamic acid; another had 15 to 30 
attacks per day before, and 2 to 5 during the treatment (82). At the same time an 
improvement in personality was noted. The patients became more congenial, affable 
and cooperative. Egocentric attitudes decreased and social contacts were no longer 
avoided. There was an improvement in mental acuity, in the capacity to concentrate 
and in the application to school work. Mental and physical alertness increased. En- 
couraged by these results Waelsch and colleagues (84) then gave the substance to 
mentally retarded children without convulsive disorders. The cases were studied psy- 
chometrically by a battery of intelligence, performance and projection tests which 
were also applied in a control group. The experiment was carried out on a small group 
of 8 children who were divided into two subgroups: some subjects were first given 
placebo tablets for some months and glutamic acid later while the remainder of the 
group was treated in the reverse order. An improvement in test scores and mental age 
was noted during glutamic acid treatment and a return to the pre-medication level 
after its discontinuation. No change in either scoring or mental age was observed 
with frequent retesting during the placebo phase. The improvement in IQ varied be- 
tween 15 and 35 per cent above the base level. 

A second experiment has been described by Zimmerman ¢? a/. in a series of papers 
(85-87). It comprised a group of 69 patients who were studied for a period of one 
year. For most of these patients the records of tests were available going back over a 
period of months or years during which time the mental age proved quite static and 
the IQ tended to decline. A seriously retarded subgroup recorded, during 6 months of 
glutamic acid treatment, a gain in mental age of 12 months and a statistically signif- 
icant increase of 7 points in IQ score. There were also improvements in performance 
tests and in interpretation of Rorschach ink blots showing a higher degree of discern- 
ment, discrimination and form perception. Another subgroup which also included 
some less seriously retarded cases showed an average gain of 16 months in mental 
age during the first 6 months of treatment and of 8 months during the second 6 
months. The mean IQ on the Stanford-Binet test rose from 64 to 72.7 in the first 6 
months, and to 74.9 in the second 6 months. Though the improvement in IQ scores 
was still statistically significant and the gain in mental age indicated a rate of pro- 
gress still exceeding that of the normal child, the progress in the second 6 months was 
definitely slower than in the initial period of treatment and the scores appeared to 
approach an upper limit or ‘ceiling’ of intelligence. 

Glutamic acid treatment was also tried in that most refractory form of mental 
deficiency, mongolism, and, though less spectacular, significant improvements have 
been achieved in a number of cases (88, 89). 

The clinical application of glutamic acid was preceded by experiments in which 
a diet supplemented by glutamic acid was fed to white rats. This regime was found to 
bring about a marked improvement in the ability of rats to learn a simple maze (go) 
and to master problems set by a problem box (91). The results were not confirmed, 
however (92-95), and therefore cannot be regarded as firmly established. 
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Nothing is yet known about the specificity of the glutamic acid effect in the 
treatment of petit mal and of mental deficiency. In spite of this a case can be made out 
for an adrenergic mechanism; it rests for the present entirely on the striking simi- 
larity between the effects of glutamic acid and those of sympathomimetic amines, 
notably amphetamine. 

A number of authors have reported on improvements of psychometric test per- 
formance under the influence of amphetamine. Thus Sargant and Blackburn (96) 
found an average increase of approximately 8 per cent in intelligence test scores. 
These findings have been confirmed by Molitch et al. (97, 98) and by Bradley and 
Bowen (99). Cutler, Little and Strauss (100) and Moskowitz (101) have described 
striking improvements of test performance in a few cases of mental deficiency treated 
with amphetamine, although the treatment was less successful or ineffective in others. 

The observers working with glutamic acid as well as those studying ampheta- 
mine independently came to an identical conclusion, i.e. that the intellectual improve- 
ment is not due to true growth of innate intelligence, brain capacity or circumscribed 
intellectual functions, but rather to an improvement of the total personality and toa 
more favorable emotional attitude of the individual towards his task. An attempt has 
been made to analyze the psychological effects of the two drugs and quotations from 
the literature on glutamic acid and on amphetamine have been assembled for com- 
parison in table 2. They match to a degree which suggests the fundamental identity 
of the underlying mechanism. 

The parallelism between the effects of glutamic acid and amphetamine extends 
to the results of overdosage which in both cases are described as restlessness, over- 
activity, irritability, insomnia and gastric distress. As to the psychologically desir- 
able results the effects may be considered under the following headings: 

Mood. The euphoric effect of amphetamine is too well known to need emphasis 
(see 102). Similarly, with glutamic acid, patients were noted to be happier and less 
irritable. Both drugs are inducive to emotional stability. 

Ailtention. Both glutamic acid and amphetamine may cause an increase in the 
power of sustained attention. Dull, inattentive and easily fatigued subjects become 
more alert, attentive and persistent. There is less distraction by emotional disturb- 
ances, less daydreaming, an improvement of memory and of the ability for abstract 
thought. 

Tempo. The increase of mental alertness and acuity so frequently commented 
upon by both groups of observers may be due partly to a quickening of thought proc- 
esses and partly to increased attention. Both effects combine to produce a canalizing 
of interests into purposeful activity. In previously aggressive and destructive children 
this may result in a decrease of objectionable hyperactivity, whereas in dull, sluggish 
and withdrawn children it may produce stimulation and extroversion. 

Initiative. An increase of initiative in patients treated with amphetamine has 
been noted fairly regularly (102). In the same way, patients treated with glutamic 
acid are described as more energetic and more active. 

Social attitudes and behavior. One effect of the general feeling of well-being en- 
gendered by amphetamine is a sensation of expansiveness and an extension of good- 
will and tolerance to others. At the same time the increased mental stimulation and 
self-confidence renders conflicts, though still present, less distressing and irritating. 
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These effects account for the favorable results of amphetamine treatment in cases of 
juvenile delinquency (107) and behavior problems (99, 103, 104, 106). The examples 
quoted in table 2 show that similar factors are operative during glutamic acid treat- 
ment. 

Ernsting (111) recently reported on the results of glutamic acid treatment in 12 
backward children. Though he could not find any significant improvement in intelli- 
gence quotients, he did notice that in a few cases dullness, lack of attention, emo- 
tional lability and timidity improved. His observations thus confirm the psychological 
effects outlined in table 2 which are presumably responsible for the improved test 
performances of suitable cases. 

It should be clearly understood that the foregoing discussion only concerns the 
mechanism of such effects of glutamic acid treatment as may become manifest. The 
clinical evaluation of the treatment must await the accumulation of further data from 
independent observers. 

If thus an adrenergic mechanism is worth serious consideration as far as the 
psychological effects of glutamic acid are concerned, the reduction of petit mal attacks 
by glutamic acid still remains to be discussed. In this connection the experiment of 
Sapirstein (112) has been quoted in support of the theory that the anticonvulsive 
effect of glutamic acid is related to its specific function in brain metabolism. Sapir- 
stein produced convulsions in rabbits by the intravenous injection of ammonium 
chloride and found that a preliminary intravenous injection of glutamic acid gave 
complete protection. It is indeed very probable that under the very special conditions 
of this experiment the anticonvulsive effect of glutamic acid was due to its detoxicat- 
ing combination with ammonia whose diffusion from the blood into the brain it 
effectively blocked. But there is as yet no evidence for a pathogenetic action of am- 
monia in naturally occurring convulsive disorders; nor is it likely—even supposing 
such an action to exist—that the high blood level of glutamic acid, attained in Sapir- 
stein’s experiment by the intravenous injection of large quantities at the critical 
moment, could be reached and maintained by oral administration or that it could 
penetrate across the blood-brain barrier to the centers of ammonia production. Con- 
vulsions produced in laboratory animals by a variety of techniques were shown to be 
in no way modified by glutamic acid (113). 

Although use has frequently been made of the analeptic qualities of ampheta- 
mine to counteract the undesirable narcotic action of barbiturates in the treatment 
of grand mal epilepsy (cf. 102), a search of the literature has revealed only one refer- 
ence to the use of amphetamine in petit mal (114).2 It concerns a girl of 7 years suffer- 
ing from pyknolepsy. “During a fortnight whilst receiving this drug the patient was 
entirely free from attacks which had previously occurred many times an hour and 
the 6-wave focus disappeared. Cessation of the drug was followed after a few days by 
reappearance of the fits and of the 6-wave focus. This concomitant appearance and 


3 Note added in proof: Since writing this the reviewer became aware of further supporting evi- 
dence. Livingston, Kajdi and Bridge (114a) have investigated the effect of amphetamine in 85 epi- 
leptic patients and found that petit mal attacks could be efficiently controlled in a large proportion 
of cases, whereas the frequency of grand mal attacks was not affected. Patients suffering from both 
forms of fits could be relieved of their petit mal but not of their grand mal attacks. Strauss (114b) 
also observed definite improvement in 2 cases of petit mal after amphetamine medication. 
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TABLE 2. PSYCHOLOGICAL EFFECTS OF GLUTAMIC ACID AND AMPHETAMINE 
GLUTAMIC ACID AMPHETAMINE 
| Ref. Ref. 
, Mood 
Happier 82 | Feelings of well-being and euphoria | 102 
Previously irritable, restless and emo- | 84 | Previously noisy, aggressive, domi- | 103 
tionally labile patients now behaved neering behavior, now placid and | 
in a manner which suggested an im- easy-going 
proved emotional regulation 
Patient previously apathetic, listless | 84 | Children are quieter, more cheerful and 106 
and indifferent, now smiling and vi- relaxed 
vacious Mood swings diminished 102 
Mood swings less pronounced 82 | More conscious control over expression 104 
of emotions 
Emotional stability reflected by better | 86 | Mood (of juvenile delinquents) more | 107 
maze test performance temperate and even 
Attention 
Concentration and application in school-| 82 | Increased attention in class room, less 99 
work improved | | distractable 
Increased learning ability | 86 | Improvement of school performance 99, 103, 
| | 104, 107 
School work neater and more orderly | 87 | Greater interest in surroundings 99 
More attentive and persistent | 84 | Less daydreaming 99 
Previously dull, now genuinely inter- | 85 | Work neater 104 
ested in what went on about him 
Improvement in memory | 85 | Effort better sustained | 106 
Memory for sentences improved 86 | More elaboration of detail in the Ror- | 105 
|  schach test 
Increased facility for solving problems | 86 | | 
of the maze-tracing type 
Greater facility for perceiving details in | 86 | | 
Rorschach test | | 
Tempo 
Increased physical and mental alertness | 82, 84! Greater alertness | 102 
Brighter and more alert 85 | Thinking processes speeded up | 110 
‘Catches on’ a lot quicker | 85 | Speed of comprehension increased | 103 
Increased mental acuity | 82 | Accelerated school performance | 107 
Initiative 
Patieat more energetic 82 | Greater spontaneous drive and initia- | 99, 102 
| tive | 
Child previously had sat quietly in his | 85 | Increased ambition to work | 108 
chair, now was inquisitive and moved | 
around frequently | 
Social Attitudes and Behavior 
Behavior mannerisms ameliorated 82 | Objectionable hyperactivity and unac- 99, 104 
| ceptable behavior of ‘problem chil- | 
dren’ much improved 
Improvement in cooperation 82 | Decrease of aggressiveness 103 
Patients more congenial, cooperative | 82 | Increased consideration and regard for 104 
and affable feelings and opinions of others 
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TABLE 2.—Continued 








GLUTAMIC ACID AMPHETAMINE 





| Ref. Ref. 


Social Attitudes and Behavior 
Patient accepted disciplinary measures | 82 | Schizoid, withdrawn children became 104 





without prolonged arguments more sociable and accessible 
Peculiar egocentric aptitudes decreased | 82 | Manifest sociability and decreased num-| 107 
ber of misconducts in juvenile delin- 
quents 
Easier to manage 87 | Increased responsiveness and coopera- 
tion in interviews 107 


For the first time the patient desired | 82 | Easier to live with 
and sought social contacts outside the 
family circle 

Child more tractable... Previously | 85 | Betteradapted to group activities. Bet- | 106 
fought with other children, now ter adjustment to social environment 
played nicely with them 

No longer shy ... Making better social | 85 | Activity integrated in a more construc- 106 
adjustment . . . Anxious to go out and tive direction 
play with other children 

Popularly seen responses in Rorschach | 86 
test increase. This reflects better 
social and emotional adjustment 


109 



































disappearance of both fits and focus was verified again by observations over a second 
and third period of drug treatment, with a control interval’. Though isolated, this 
observation is so clear and unambiguous that a favorable effect of a sympathomimetic 
on at least one case of pelit mal cannot be denied. There is however supporting evi- 
dence. Cutts and Jasper (115) found that over one half of 71 behavior problem chil- 
dren showed distinctly abnormal electroencephalograms with dysrhythmia of an 
epileptoid nature. A large proportion of these children responded favorably to am- 
phetamine treatment, although amphetamine did not bring about a change in the 
form of the electroencephalogram. Similar experiences were reported by Bradley (103) 
and by Lindsley and Bradley (116). The combination of behavior disorders with 
abnormal brain rhythms in childhood is often regarded as the equivalent of psycho- 
motor seizures in adult life and the favorable effect of glutamic acid in several cases 
of psychomotor seizures has been described by Price et al. (82). 

Though the material for establishing the analogy of the effects of glutamic acid 
and amphetamine in convulsive disorders is not so abundant as in the psychological 
field, it is sufficiently suggestive to encourage further research. 

The abundant availability of glutamic acid in edible proteins and the ease with 
which it is synthesized by the organism has always made it difficult to understand the 
effects of glutamic acid in terms of a repair of an absolute or relative deficiency of this 
substance. There is however no intrinsic difficulty in understanding the effect of even 
a small rise of the blood glutamic acid level on the secretory activity of adrenal me- 
dulla. This rise is probably much more marked when massive doses of pure glutamic 
acid are fed than when it is liberated gradually during the digestion of proteins. 
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CONCLUSIONS 


We thus come to the conclusion that although the realization of its special posi- 
tion in brain metabolism inspired clinical glutamic acid therapy, there is as yet no 
convincing evidence of a connection between the clinical effects and the special 
metabolic function of glutamic acid in the nervous system. On the other hand there 
are indications suggesting that the three clinical effects which have been described, 
i.e. the termination of the hypoglycemic coma, the stimulation of intellectual activity 
in mental deficiency and the alleviation of certain convulsive disorders, are due to an 
adrenergic mechanism. As far as the effect in hypoglycemic coma is concerned, this 
view is supported by experimental evidence. For the other two effects it is based on 
the similarity with the action of sympathomimetic amines. But it should not be 
overlooked that the adrenergic activity of glutamic acid is probably due to a mecha- 
nism different from that underlying the action of sympathomimetic amines, such as 
amphetamine. Whereas we may assume that glutamic acid stimulates directly the 
centers of adrenaline production, the effect of sympathomimetic amines is assumed 
to be due to the inhibition of amine oxidase (117, 118) leading to the prolongation of 
the life of circulating adrenaline. This difference suggests the combination of the 
two agents as a rational treatment. 
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